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Preface

This volume represents the proceedings of the Symposium on
Multifunctional Materials which was held as part of the
Materials Research Society Fall Meeting, in Boston, Massa-
chusetts, November 27 - December 2, 1989.

The work described covers a bhroad range of interdisci-
plinary activities relevant to developing functionalities® in
ceramics and polymers.

The editors are indebted to the authors for their contribu-
tions and to the various session chairpersons.

Alan Buckley
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NANODESIGNING OF MULTIFUNCTIONAL CERAMIC COMPOSITES

J. LIU, M. SARIKAYA, W. Y. SHIH, W.-H. SHIH, and I. A. AKSAY

Department of Materials Science and Engineering; and
Advanced Materials Technology Center, Washington Technology Centers,
University of Washington, Scattic, WA, USA 98195

Nanodesigning of multifunctional ceramic composites with colloids is discussed from a fundamental
point of view. We start with one-component systems, where packing density is the primary concern. Then
we extend the discussion o binary systems and deal with the problem of homaogeneity. We show that the
structure is controlled by the nature of bonding between the particles and by the particle-particle interaction.
Surfactants are used o modify these praperties, by, first, protecting the active particle surfaces to prevent
wolid bond formation, and, second. aliering the interparticle interaction to provide a “lubricating” effect. In
weakly attractive multicomponent systems, not only are we able to achieve high-density packing through
restructuring, but we can also control the scale of homogeneity.

1.0 INTRODUCTION

There has been a growing interest in the co'lu.¢ . procewng of nanocomposites becausc
of the advantages of using nanometer-sized partici ... 3 For example, it is possible to mix
diffcrent components on a nanometer scale and achicve improved clectronic and structural
propertics for multifunctional ziraplic-«xl.ic\n.ﬁ.J'S Another advantage is that the materials can be
processed to full density at much lower temperatures than by conventional methods.

Previous literature has discussed some of the advantages and difTicultics in colloidal pro-
cessing with nanometer-sized particles compared to the processing of micrometer and
submicrometer-sized par(iclcs."2 The most significant difTiculty is that nanometcr-sized particles
in general result in the formation of low-density gels which display large shrinkages during
solvent cxtraction and, thercfore, cracking during drying or simcring.("7 In this paper, we
discuss this probiem from a morc fundamental point of vicw and summarize our recent work
in this arca. We then extend our discussion to binary systems, which have not been understood
as well. The study and understanding of multicomponent systems is esscntial (or processing
composite materials with two or more components. Through such an understanding, high-
packing density can be realized, and also the distribution of specics can bhe controlled so that
regularity in the structure and the scale of homogencity in composition can be predicted.

2.0 RESULTS AND DISCUSSION
2.1 One-Component System: Effect of Restructuring

In processing with micrometer or submicron-sized particles, the microstructure and density
of green compacts ean be controlled via colloidal processing routes.®? When particle interactions
are repulsive, suspensions can be consolidated to high packing density compacts.z‘” In contrast,
highly attractive particle svstems result in low packing density compacls.z'n'" In the attractive

Mat. Res. Soc. Symp. Proc. Vol. 175. © 1990 Materiais Research Society




region, fow-density fractal clusters or powder compacts could restructure to a higher density
at iater times under weak attraction conditions.'™"! This restructuring is controlled by the
interaction energy £ and the relaxation time tg. llowever, experience has shown that with
nanometer-sized particles this restructuring is not casily accomplished without the application
of high pressures.! Therefore. we conducted systematic studies to determine the unique char-
acteristics of nanometer-sized particles. We used conventional and high-resolution transmission
clectron microscopy (HHRTEM) to study the general structure of the aggregates and the particie-
particle interfaces in order to investigate the aggregation behavior of nanometer particles in
colloid systems. We also calculated the particle-particle intcraction by a modified DLVO
theory.|2 First, we found that there is effectively no secondary minimum away from the particle
surface in particle-particle interactions for nanometer-sized particlcs.I3 When nanometer-sized
particles begin to aggregate, they fall into the primary minimum and direct contact takes place.
Second, solid bonding forms between the particies. For example, Figure 1 shows the interfaces
between gold particles in a low-density aggregate: when particles touch onc another, solid
bonding is formed at the particle contacts. This high binding energy makes it very difficult for
the particles to break away and relax to a high density once the aggregates arc formed. The
low-density (<30 vol. %) aggregate corresponding to [Figure | is very strong and cannot be
casily consolidated to a higher density. For these two rcasons, nanometer-sized particles are
different from larger (> 0.1 pm) particlcs.

Figure 1. High resolution transmission electron microscope (HRTEM) image revealing structures of interfaces between
particles in a colloidal gold aggregate. The solid bonding between the particles makes it difficult for the clusters to
relax to a high density.

An obvious solution to the problem stated above is that the active particle surfaces must
be protected so that solid bonding cannot occur between the particles. Coating the particics
with a layer of surfactant prevents the particle-particle contact. Figure 2 illustrates the high-
density packing achicved when a layer of surfactant is adsorbed onto the particle surface. The




particles now arc scparated by a distance of about 1 to 3 nm, which roughly corresponds to
the size of the surfactant. This separation is causcd by the adsorption of the surfactant, which
spatially protects the particle surface. Yet, in order to have dense packing, the particles must
be able to move around freely. Thus, the surfactant must also act as a lubricant.!!

Figure 2. Transmission electron microscope (TEM) images revealing the close packing of gold particles when the
particle surfaces are protecied by a layer of surfactant. The particles are separated by a distance of 1 to 3 nm, about
twice the length of the surfactant.

In order to understand the role of surfactants, the aggregation behavior of the particles
was studied at different surfactant concentrations.' In this study, a cationic surfactant was
added to the colloidal solution containing the negatively-charged gold particles. The surfactant
induces aggregation by ncutralizing the charges on the particle surface, and since the surfactant
layer has a certain thickness, the particics cannot come in contact with one another. The
interaction between the particles is thus controlied by the amount of surfactant added to the
sojution. We then mcasured the fractal dimension, D, of the aggregates, which is a measurc
of the packing density, by light scattering and transmission clectron microscopy (TEM). The
particic interaction was calculated by the modified DI.VO thcory‘z‘lS and the attraction energy
I’ was taken as the energy of closest approach (taken as 1.5 nm in our case). The relation
between D and £ is plotted in Figure 3, with the computer simulation result!® plotted as
triangles. The experimental results agree very well with the simulation. That is, D is directly
rclated to F. Under a weak attraction condition, a high fractal dimension and, thus, high
density is obtained. If the attraction encrgy £ is large (such as in the presence of solid bonding).
restructuring is impossible and low D is observed. Therelore, it is important to provide a small
attraction energy to make restructuring possible. This study shows that a surfactant provides
a means to help achieve high-density packing for nanometer-sized particies.
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Figure 3. Relationship between the fractal dimension of gold aggregates with surfactants and the binding energy
between the particles. The circles are the experimental results and the triangles are the results of the computer simulation
in two-dimensions. ‘The fractal structures vary from ramified Lo t objccts, depending upon the binding energy.

In the case of large particies, macromolecular coatings are used to stabilize suspensions
and achicve high solids loading.'® Ilowever, for nanometer-sized particles, macromolecules are
not desirable since thc amount of the surfactant nceded to cover the particle surface incrcases
significantly as the particle size is decrcased to the nanometer range, and the effective solid
density decrcases. There are two methods for solving the problem of excess surfactant. One
is to find a surfactant that is short, but very effcctive, so that the total amount of surfactant
incorporated into the system is much less. 1lowever, short surfactants may not be large enough
to stabilize the particles, but if they have good lubricating properties, the weak aggregates can
casily restructure to high density. Studies arc underway to identify such surfactants.!” The
second method is to fabricate surfactants (inorganic precursors) which would be transformed
into ceramics at a later stage of processing so that they do not need to be climinated completely.
With this method, a nanocomposite could be fabricated in which a surfactant precursor would
form the matrix and particles would form the dispersoids.

2.2 Binary Systems
In this section, we present theoretical work on binary systems in which the relationship
between particle-particie intcractions, stability, and phase separation is considered. We then

compare the theorctical work with the experiments. The principles discussed here will apply
to both large particles and nanosized particles.

2.2.1 Model

2.2.1.1 Repulsive Regimem"q Phasc diagrams of highly repulsive colloidal suspensions
have been calculated by comparing the free energics of the different phascs (specifically, liquids,




and solids with small or large particle-rich phases) in which the particle-particlc interactions
have been considered. If the particle concentration is not too high or the temperature is not
too low, the cffective interactions between the colloidal particles are treated with the Debye-
i liickel approximation and the stable phasc is considered to be the onc with the lowest free
cnergy. The frec energics of various phases are calculated by means of a variational principle
based upon the Gibbs-Bogolyubov incquality.!® Cinstein oscillators are used as the reference
system for the solids and a hinary hard sphere mixture is used as the reference for the liquids.
The sofid phasc is considered as fcc or bee substitutional alloys.

2.2.1.2 Attractive Regime20 IFor attractive intcractions, we studied the kinctic ‘effect in
systems where the equilibrium state should yicld phase scparation. A computer simulation was
done on a two-dimensional square lattice by using thc Montc Carlo method. N| represents
the number of particles of type | with interaction [}, and N, is the number of particles of
type 2 with interaction Fy3. The particles are placed randomly in a M x M lattice with periodic
conditions. [ is the intcraction between particles. The particles then perform Brownian motion
according to thc Boitzmann probability e MIRT \where AE is the encrgy change due to the
motion. Once two particies come together, they form one cluster and move as a whole. In
the same way, larger clusters are formed. The mobility of a cluster is assumed to be inversely
proportional to thc mass of the cluster. In addition, particles can unbind from a cluster

according to the Boltzmann probability, e ~**/R7, where AL is again the encrgy change asso-
ciated with the unbinding.

The free energy of such systems is also calculated according to the cluster variation method
(CVM)?! in which the frec encrgy {7 is written as a function of xy, x3, as well as the pair
paramcter y;. llere x) is the concentration of particle 1; x; is theconcentration of particle 2;
and y; is the probability of forming pairs of particle i and particle j (including vacancy). yj
can be obtained by minimizing I for the cquilibrium condition. After y; is found, the structure
of the suspension is then simuiated on a two-dimensional lattice again according to xj. x3, and
y,-j.n The resuits of the CVM calculation and simulation are compared to the Monte Carlo
simulation.

2.2.1.3 Results and Discussions
1. Packing Density

Phase diagrams of repulsive binary systems arc presented in Figure 4. Large particles have
a radius of 545 A and a surface charge Z;=300. Small particles have a radius R = 491 A, 445
A, 409 A, 382 A in Figures 4(a), 4(b), 4(c), and 4(d), respectively. X is the number fraction of
the large particles and D is the total number density. The particle diameter ratio is defined as
Rimatl | Riarge- The linc is the boundary between the solid and liquid phase. It can be scen
from the D-X phase diagram that the boundary line begins to show a maximum as the diameter
ratio deviates (rom unity. The maximum bhccomes more pronounced as the diameter ratio
deviates more from unity, a phenomenon confirmed by expcriments.23 For a diameter (or
charge) ratio of 0.7, the solid-liquid boundary almost opens up vertically toward high number
densities. The shrinking of the crystalline phasc region also significs the phase separation of
the crystallinc phases at high concentrations.'® ! The resuits of these phase diagrams show
that the fluid phase is stablec up to a much higher density in a binary system than can be
achicved with a onc-component system.
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Figure 4. Phase diagrams for repulsive binary systems of large and small particles. Y-axis is density and the x-axis is
the number fraction of small particles. TFrom (a) to (d) the diameter ratio of the small to farge particics decrecases. It
can be seen that he fluid region increases to high density as the diameter ratio becomes smaller.

On the other hand, in attractive systems, flocculation is often encountercd. In our casc,
where £}y < 0, the first species flocculates before the second species (Ejp = Fy > 0). The
addition of the second species has a farge effcct on the aggregation of the first species. Results
from the Monte Carlo simulation are represented in [figure 5. Initially, the addition of the
sccond species always enhances the rate of aggregation. Cluster sizes become larger as the
concentration of the second specics is increased. llowever, at a high concentration of the
second specics, the cluster size begins to decrcasc again. There is a maximum in the aggregation
rate with respect to the second specics concentration. This is in agreement with experimental
ohservations.'® Also to be noted is the effect of aging; as time passes, the clusters become
large and the peak position shifts towards a higher concentration of the second species.

FFrom this discussion, it scems that a repulsive system has an advantage over an attractive
system since an attractive system flocculates and may show low density. In a repulsive binarv
system, the fluid phase can still cxist at a very high number density, which is helplul in colloidal
processing where a high green density compact is desired.® 11owever, high density is not alwayvs
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FFigure 5. Cluster size vs. second species concentration, ¢y, for comparison between Monte Carlo simulations and CVM
calculations where Ep = — 1. Ejp = Fx = 8, and ¢y = 0.245. (®) represents (CVM, (o) for tpirp = 1. and ({7) for
tr/tp = 0.5, representing simulations at 1= 300rp. Note that while the simulations show the slowing in the cluster rate
at high ¢, the CVM calculations do not. indicating that the resiabilization al higher ¢y is a kinetic cffect.  In the
simulations, a smaller value of -1y represents more sufficient relaxations.

the only requirement for a nanocompositc; onc has to also consider the scale of mixing of
several components. Tlis aspect of colloidal processing will be discussed in the following scction.

2.2.2 Scale of Homogeneity

[For a nanocomposite. idcaily the two components should be distributed with a predictable
scale of homogencity. [lowever. repulsive systems often undergo phase separation, as illustrated
in Figurc 6. This phasc diagram was calculated in a manner similar to [Vigure 4. It clearly
shows that in a binary system, there is a widc two-phase region, one phase rich in small
particles, and the other rich in large particles. As the particic concentration increases, phasc
separation behavior is more pronounced. This indicates that the composite matcerial produced
under repulsion conditions will have large domains of different phascs of different composition.
This then results in an increase in the scale of homogencity. The phasc separation behavior
of highly charged particles at high densitics has been observed in our cxperiments. Figure 7
shows colloidal gold and colioidal silica particles mixed under repulsive conditions. The pli of
the solution is about 7. Under this condition, the zcta potentials of silica and gold particles
are about 60 and 100 mV, respectively, as measured by Doppler shift laser light scamcring.""
Given the diameters of both gold and silica particles as 150 A, the cstimated eflective charge
of a gold particle is about 42 clectron charges and that of a silica particle is about 25. The
charge ratio is smaller than 0.7. As discussed above, the system should phasc separate at high
densitics. Indced, this is the case. It can be scen that the gold particics and the silica particles
tend to phase-scparatc into regions consisting of cither silica or gold particles. In order to
obtain the propertics desired for a composite material, the distribution of difTerent componcnts
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Figure 6. Fxcess free encrgy of repulsive hinary systems as a function of concentrations of smaller particles, x;. A
wide two-phase region is usually observed. One atomic unit cquals 27.2 eV.

as well as the degree of phase scparation, i.c., the scalc on which the phasc scparation takes
place--must be controlled. Further understanding of the kinctic process is nceded to achieve
this control.

I'rom the above discussion, it can be seen that there is a disadvantage in highly repulsive
systems due to phase scparation. In that scnse, weakly intcractive systems may have an
advantage. A high degree of homogeneity can be achicved in weakly flocculated systems at
higher densities.2* The high degree of homogencity at high densitics is due to slow kinetics,
not to cquilibrium conditions as shown by aging and also by thc comparison of the cluster
size calculated by the Monte Carlo method at finite time with that calculated by the CVM
method shown in Figure 5. Therefore, in a weakly intcractive system, a high degree of homo-
geneity can still be achieved by slow kinetics at high densities although the cequilibrium state
should phase separate. The CVM calculation shows that the cluster size increases monotonically
with the concentration of the second species. The frce cnergy curve also shows that phase
separation should occur over all the concentration ranges. [lowever, the Monte Carlo simulation
shows that the aggregation is slowed at high concentration, and there is a maximum. The
slowing of the aggregation rate is attributed to the kinetic cffect, i.e., the particles (or clusters)
are trapped in a kinctic cage and cannot relax to a lower cnergy state (phase separation state).
As the system ages, it moves towards a state of equilibrium.

Ilowever, for nanometer-sized particles, aggregate structurcs formed by adding sait are
difficult to consolidate because of the formation of solid bonding between particles. It is
necessary to use surfactants to protect the particle surfaces in attractive systems. Under this
condition, not only can we achieve a finer scalc of homogeneity, but we can also achieve
high-density packing through restructuring, as discussed carlier.




To demonstrate the advantage of weakly attractive particles coated with a surfactant, a
binary suspension was prepared (Figure 8). A cationic surfactant was introduced into a colloidal
suspension consisting of gold and silica particles in order to protect the particle surface and to
ncutralize the negative charge. This created weakly attractive forces between particles, as
evidenced by flocculation. Not only do we achieve a high-packing density (as discussed in
FFigure 2), but we also find the gold particles to be distributed more homogeneously among
the silica particles in what is principally a nanocomposite.

Figure 7. Phase separation of colloidal gold and sil- FFigure 8. A finer scale homogeneous mixture of
ica particles under repulsive conditions. The dark gold and silica particles under a slightly attractive
particles are gold and the light particles are silica. condition.

3.0 SUMMARY

The density and homogeneity of nanocompositc materials can be controlled by regulating
the particle-particle interaction. Specifically, we have concluded that a weakly attractive system
may be advantageous over a repulsive system: first, it is possibic to achieve high density by
the restructuring of the clusters in weakly attractive aggregates; sccond, a weakly attractive
binary system can have a finer scale homogencous distribution of the components regardless
of whether the cquilibrium state is a phase scparation or a mixture. In the case where the
equilibrium state is a phase separation, homogeneity is provided by slow kinetics at high
densities. The control of particle-particle intcraction is realized by using surfactants. The
surfactants have two functions. One is to protect the active particle surface to prevent direct
particle bonding, which is especially important for small particles. The other is to modify the
interparticle interaction, making it possible for the particles to relax to a high-density config-
uration within the clusters.
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Figure 9. TEM micrograph revealing the typical microstructure of the nacre section of an abalone shell. The
microstructure consists of organic material (OM) and ceramic layers (C) arranged in a regular laminated structure.

We should point out that although we have made considerable progress in understanding
the properties of nanoparticle systems, as yet we have not been able to achieve precise control
of the microstructure. In the above cases of colloidal processing, the final product is a resuit
of a microstructure of small particles randomly configured under certain kinetic conditions.
Therefore, the structure is basically detcrmined by entropy. Full control of the final product
is extremely difficult, if not impossible, to achieve. llowever, it is possible to control the
processing precisely cnough to achicve a final product with a predctermined, highly regular
microstructure. In natural processes, there are abundant examples of highly regular
microstructures. An exampile is given in a TEM image in Figure 9 where a cross-sectional view
of an abalone shell, consisting of organic (thin-phase, 200 A) and inorganic (thick-phase, 250
nm) layers, is scen. The phases are arranged in the form of a brick (CaCO3) and mortar
(organic) microarchitecture. In this case, a highly-ordered microstructure i1s processed at the
moilecular level by ccrtain biological process(es) where cnergy plays the most important role in
the specific arrangement of the phascs.25 Other than Nature’s method, such processes, so far,
can only be achicved synthetically in molecular processes such as molecular-beam cpitaxy and
liquid-phase epitaxy to fabricate materials with a full degree of control at the nanomecter lcvel.
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ABSTRACT

This paper starts by discussing the concept of multifunctional materials.
Multifunctionality can be achieved in a single phase in a composite or a mixture. While a few
exceptional single phase matertals such as diamond, Al203. CaSrZr4Pg0O24 exhibit peak
values of more than one function. it will be argued that the "tnvention" of the nanocomposite
class of materials made by solution sol-gel processing has opened up the potential for
designing several muitifunctional materials.

Examples will be drawn from our recent results—both successes and faflures—in tryving 10
design and synthesize nanocomposites of two or more ceramic phases for various chemical.
thermal, and electrical functions.

INTRODUCTION

Multifunctional Materjals

The title of the symposium invites some reflection on what the term can mean. Table 1 is
an attempt to systematize the very different materials which are multifunctional.

Table 1. Multifunctional Materials

1 2 3 4
Macroscopic
Single Single mixture of
Single phase Nanocomposite Material Composite Material two phases
Several different |Different properties Enhancement of Two functions
properties each realized by hybridizing |certain properties achieved by
showing extreme |different materials ona |(usually mechanical) addition of
or interesting 1-100 nm scale causing by interaction of separate
values, in the same | hybrid properties to phases. properties.
single phase, appear possibly of
e.g. diamond. interest in different 3a. Gradient Property
fields. Materials
1. Single phase. e.g.
optical glasses
2. Metal-ceramic graded
composites

The titles of the columns in the table summarizes the first key point. We can achieve
multifunctionality by using a single phase or "mixing" at various levels from ihe unit cell to
single composites of 100nm components, to macro-mixtures. Of course. mixtures do not cournl
as a single material. But should the third category—say steel bar-reinforced concrete or a
mixture of an oxide support with a catalytic metal—be thought of as "one material.” Most
composites—glass reinforced plastics—used for their mechanical properties (single function)
fall into this category and have been studied for decades. they will not be considered further.
We will therefore focus our attention (n this paper on the first two categories only nf uhi~*

only the nanocomposites arc new. _ 823
'\'\\\’.\\\l‘&l‘l\\ AN
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Single Ph

Diamond is perhaps the best example of a single phase multifunctional material since
several of its properties are very desirable: hardness, thermal conductivity. transparency in
the i-r, etc. But Table 2 lists some other single phases which clearly are multifunctional also.
with a gqualitative numerical ranking (5 high, O low) of the relative importance of that propertv
of the material as compared to competitive materials. NaZroP3012 "NZP" for example, was
first discovered as a fast-ion transporter, bt later this structure became much more
interesting [11] for its controlled (low +. zero, low -) thermal expansion, and also as a ceramic
host for radionuclides [2] from standard reactor waste. Garnets are also very versatile: with
furictions as different as from synthetic gems and magnetic bubbles. BaTiO3 conversely, has
only one useful function. It would be interesting from the viewpoint of systematic materials
synthesis to see if one could discover any guidelines to select materials which would have more
than one useful function. It appears to be true that those materials which are ou nding in
one property are {requently of some value in others also. The crystal chemistry which is
responsible for a highly unusual value for one function is almost certain to result in high
values in other functions also, since several of these are strongly correlated.

Table 2. Single Phase Materials

Functions Diamond Alumina NZP Garmnet BaTiO3 _Quartz
Wear 5 4 2 1 [o} 2
Optical 5 4 0 2 02
Thermal

Exp. - - - [¢] -

Cond. 5 3 5 0 Q
Electrical 5 5 5 0 5 5
Magnetic 8} 0] X S 0 0]
Chemical 5 4 5 [0} [0} 5

The disadvantage of such single phase materials as candidates for multifunctionality is
that there is absolutely no logical way by which we can predict the existence of such materials.
I have discussed elsewhere [3] this impossibility, using the high Tc superconductors as the
classic example, of the inabiity to attain this goal.

tifun

The concept of macro {and micro) composites originated in the idea of blending into one
interactive material. two phases. so chosen as to enhance the mechanical properties of the
resultant "composite.” The science and technology of mechanically improved (stronger,
tougher, etc.) composition is a field unto itself. But this concept had not really entered the
world of designing materials for any other function: electrical, optical, chemical, etc. Yet
scattered empirical evidence suggested that a general principle inay be embedded in the concept
of hybridizing properties of phases mixed on a panometer scale. The nature and theory of the
interaction was clearly outside the scope of the theory of mechanical composites.

Table 3 lists known families of nanocomposite materials which show extraordinary
properties. The apatite-coliagen nanocomposite with 1nm fibrils of apatite arranged around
collagen hosts is an outstanding natural exampile even in the arca of mechanical properties.
And there are hints in the literature {4,5) that nanoscale mixing may provide surprisingly
enhanced mechanical properties. However we do not pursue this function further in this paper.

The so-called artificially structured semiconductors based on Ga.As and its crystalline
solutions are 2:2 manocomposites with each layer 1-10 nanometers thick. Such a
nanocomposite has new hybridized electrical properties which are not merely the sum or
average of the end number components. This is equally true of the coated cutting tools and the
new adsorbents we describe later.
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Table 3. Nanocomposite Materials
Coated Special Adsorbents Interleaved
cutting tools Strength magntic exchangers sheets
Wear Multilayer Teeth
Coating
(WC+Co)
Optical Clays and
Rhodamine
Thermal
Exp. NZP+MgO
Cond.
Electrical GaAs-GaSlAs
Magnetic NZP+YIG
Chemical Zeolites

It would appear on the face of the concept that siice we can mix very different (or very
similar) materials on a nanometer scale, we should L' able to build into one material a variety
of functions eacn carried by one phase. But in addition one may expect new properties to arise
becausc of the interaction between the two (or more) phases. We turn now to the actual
r :ulization of both of these hoprs.

Solution-Sol-C .1 (SSG) as the Process of Choice

The first method used to make nanocumposite materials was sputtering alternately from
two sources. By this method it was easy to make very thin two dimensional layers {2:2
composites) of different compositions. These vapor phase methods remain, of course. the basis
of the routine and research preparation of an array of electronic materials. Multisource
sputtering was becoming routinized in the seventies and Messter, Roy and Krishnaswamy {6}
applied it explicitly to see if it was possible to make 0:3 nanocomposites of polymers. metals
and ceramics, e.g. Teflon and platinum, Alp03 + Au, etc. While this yielded a series of
interesting materials, e.g.. 2 nm size Au crystals with 5 fold symmetry in noncrystalline
Al203, it was evident that the method had serious limitations of size and speed. We therefore
started to expliore new methods to achieve this end.

In 1982 I changed the direction of all sol-gel work away from the single focus towards
which it had been aimed by ourselves and all other researchers since our initial work starting
in 1948—making ultrahomegeneous ceramics. I saw the possibility of making ceramic
materials with maximum heterogeneity irstead. If maximum heterogeneity could be defined
by the maximum interfacial area between the different phases in a composite. then reduction
of size of the phase was certainly the way to achieve this.

When two sols are mixed, provided the mixture remains electrostatically stable. it allows
us to achieve "perfect” mixing on: the scale of the particle size(s) involved. No chemical
interaction or clumping occurs since the charged particles do not differentiate between the
chemistries. By tatloring the gelation and desiccation one can therefore produce powders,
continuous thin films and small (mm size) bulk objects of an array of 0:3 nanocomposites. Of
course some 2:2 composites, albeit with relatively thick layers. can be made by sequential
deposition. Many of our key papers in developing di-phasic xerogels {=nanocomposites) are
listed in a review of the field. Detatls on methods for preparation of such nanocomposites
have been described in an earlier paper [8]. Table 3 attempts a summary of various kinds of
nanocomposites which are iknown to show the place of SSG-derived nanocomposites in the big
picture. We turn now to results which can be achieved via the SSG method.
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RESULTS

Over the last six years we have reported on the preparation and properties of a wide
variety of nanocomposites via SSG [9-12]. In this paper I select some examples which illustrate
the multifunctionality possible in this family and also choose the rare example where we have
been able to build in, by design, multifunctionality into the same material. Table 4
summarizes the different functions which have been synthesized into different
nanocomnposites in our work. In March 1989 an entire sympostum was held in Japan on
nanocomposite materials and several interesting examples (e.g. that of Shimada [13}) can be
found therein. In most of these cases up to now one can only illustrate the fact that sets of
nanocomposites based on some common compositions can be made multifunctional. Each
specific combination may have only one function. We only ljist below the examples which have
been described in detall elsewhere.

Table 4.

NANOCOMPOSITE
CHEMICAL SUBFUNCTIONS Mullite | AloO3 ZrSi04 | ThSiO4 | Cordierite

¢ Control reaction products v v N

* Control reaction rates and

temperatures \l V N N

< | <
<

* Control microstructure N

¢ Control morphology v

¢ Control crystallographic
orientation N

Control of Phase Formed

Nanocomposite di-phasic gels of ThSiO4 (non-crystalline) + ThSiO4(huttonite) and
ThS104(NC) + ThSiO4(thorite) at 1400°C yield ceramics of 100% huttonite and 100% thorite
respectively [12]. With cordierite compositions. ltkewise, completely different final products
can be obtained by compositional and structural nanocomposites {14].

Control of Reaction Rates and Temperatures

We have demonstrated in several papers in the cases of Al203. 2rSiO4. ThSiO4. AlPO4.
elc., by DTA and static thermal reaction studies that reaction temperatures can be lowered by
150°-250°C in appropriately configured nanocomposites [9].

Control of Microstructure

These same diphasic and triphasic gels can radically alter the microstructure of heated
gels from 10-15, grain sizes to submicron sizes (10].

Control of Morphology

The most successful example of this ability was found in the case of mullite, where
compositionally diphasic gels seeded with crystalline mullite gave acicular crystals with a
10:1 aspect ratio contrasted with the usual equant morphology [11).

Control of Crystallographic Orientation by Solid State Epitaxy

In another paper in this symposium we demonstrate our ability to grow epitaxial lavers
on large single crystals of quartz, perovskite and rutile structures [15]). In our early studies in
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which the surprising results noted above on many functions were found, we claimed that the
mechanism for the effects was solid state epitaxial growth. The new data add more evidence to
this claim. It is clear that nano-scale second phases can grow, into at least. highly oriented if
not single crystals on a substrate totally in the solid state. We believe this is the most direct
evidence of solid state epitaxy provided so far.

NEW FUNCTIONS CONTROLLED IN NANOCOMPOSITES

One of the most interesting examples of Shimada's work on the enhanced luminescence
of 2:2 nanocomposites of say. Rhodamine B, interlayered into a clay mineral. By so modifying
radically the crystal field surrounding the moiecule, Shimada was able to enhance the
luminescence output by an order of magnitude. and to make the material much more thermally
stable.

A new target property in our work is the creation of nanocomposites of pillared clays.
zeolites and gels to provide a thermodynamically ideal adsorption-desorption cycle for drying
of gases. Figure 1 shows the ideally desirable desorption isotherm and both the final
nanocomposite performance, and a typical curve of a competitive material.

A third property on which our laboratory has been focusing is on materials which can
both selectively adsorb and "fix" at low temperatures selected ions (both radioactive and
biologically toxic). In one successful synthesis by 2 stepwise process we have exchanged out the
K* in a phlogopite mica using NaB{Ph)4. and then used this material to adsorb Cs* out of
solution. The Kqg or selectivity ratio for this material is a phenomenal 664.000 compared to
1-5000 for the typical good material [16]. The obvious mulij-functional goal here is to create a
nanocomposite which can selectively adsorb 2. 3 or more targeted ions.

x 100
w
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Figure 1. Water adsorption isotherms (upper curves) of: zeolite 13Y original sample (O) with a
total capacity of 0.29 g/g; zeolite 13 Y modifted sample data (O} shown next to the
dark line upper curve. Also below the ideal curve with a total capacity of 0.19 g/g are
shown the isotherms for: Al203 pillared clay (a); hydrophilic AlpO3 pillared clay (b);
and original montmorillonite clay (c).

4 Case Study: Making a Zero-expansion Ferrimagnetic Material

I end with a real example of two competing approaches to making a muitifunctional
phase.
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Our successes, based initially on a serendipitous observation, in making a controllable
zero expansion ceramic with the NZP or Nasicon or CaQ 5TigP3012 structurally relied on the
anisotropy of a in the phase (Fig. 2). Emboldened by this success, our sponsors the AFOSR next
set a goal of simultaneously having not only a net a = 0 but that the anisotropy of a in the
hexagonal phase also be reduced to zero. Again based on serendipitous observation this goal
was also achieved in a phase of composition Ca.SrZr4Pg024. Finally the AFOSR set a target of
a material which would have zero expansion and also be ferrimagnetic in order to provide no
radar scattering—a truly muiltifunctional challenge.
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For one year my postdocs and I tried the single phase approach to use the NZP structure
and substitute in 3d and 4f lons in many combinations. Our original discovery of the
ferrimagnetic garnets !17] had provided the first family with three inmteracting sublattices.
respectively, IV, VI and Vil coordinated. Because the "NZP" structure was even more {avorable
to multiple ion substitution than the gamets and also had at least three sublattices. it appeared
very hopeful that this goal could be attained in a single phase.

Yet intensive study of all possible combinations of ions failed to yield a single phase
which was both ferrimagnetic and had "zero" thermal expansion.

Finally we were forced to take the alternative route of creating a nanocomposite which
would contain these properties. Such a nanocomposite would likely have to withstand
moderately high temperatures in processing. Hence in designing it. i was necessary to firs{
find two phases which were thermodynarmically compatible, one of which was ferrimagnetic
(and had a modest positive net o) and another which had a modestly negative net a. This
combination was found by empirical cut and try, and a nanocomposite prepared which was
both "zero” expanding and ferrimagnetic. and consisted of YIG and a Na-rich NZP.
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CONCLUSIONS

Nanocomposites made by the solution-sol-gel process offer a uniquely large and versatile

class of materials which can be tailored to be multi-functional. Yet each example will have to
be treated as a unique case, since no common features can be expected. It is only the di-phasic
SSG process which is in common.
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MULTIFUNCTIONAL SILICA OPTICS
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The sol-gel chemical processing method of producing fully dense silica
optics provides an intermediate product termed Type VI silica ideally suited
for use in engineering multifunctional silica optics. This paper reviews the
sol-gel process, the Type V dense gel-silica produced by this process and the
Type VI ultraporous gel-silica intermediate product. Included is a comparison
of two different porous ultrastructures with 1.2 nm and 8.0 nm average pore
radii. Two uses of the porous gel-silica components as multifunctional optics
are described. The first is for use in transpiration cooled windows in high-
speed rocket guidance systems. Flow rates of He and N, through the 1.2 nm and
8.0 nm ultrastructures are as high as 0.9 m/min at 0.75 MPa. High temperature
UV transmission in contact with an impinging oxy-acetylene flame is
demonstrated. Use of Type VI gel-silica as a host matrix for fast radiation-
hard scintillating detectors is also reviewed.

ABSTRACT

INTRODUCTION

Precision optics have been made by basically the same process since the
time of Galileo; i.e., silica sand has been melted with various fluxes,
homogenized at very high temperatures above the liquidus and cast into glass
ingots. Sections of the ingots with minimum bubbles, seeds, striae or other
defects have been selected by hand for grinding by skilled opticians into the
shape of lenses, prisms, windows, or mirrors, followed by successive polishing
steps, again performed by highly trained optical technicians. The quality of
each optical component is therefore dependent on the summation of the quality
of each step of processing, which in turn is a function of the skill,
training, and time devoted by technicians. The performance of an optical
system is an aggregate of the quality of the individual components and
therefore is highly dependent on the availability and skill of technical
manpower .

Until recently, optical components have for the most part also served
only a single function in an optical system; i.e., lenses refract, mirrors
reflect, windows transmit, filters absorb and lasers amplify. As optical
systems requirements become ever more demanding there is a great incentive for
components to serve more than one function. This need is very difficult to
satisfy with traditional methods of making precision optics. The fundamental
characteristics of glass as an isotropic, homogeneous solid generally restrict
its use to a single optical function.

Sol-gel chemical processing of silica provides a new approach to each of
the historical restrictions of silica optical components summarized above;
i.e., 1) elimination of hand operations in manufacturing by net shape
casting, and 2) development of multifunctional optics by producing
ultraporous silica matrices that are optically transparent.

Mat. Res. Soc. Symp. Proc. Vol. 178, ¢ 1990 Materials Research Society
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SOL-GEL PROCESSING

Recent publications have presented in detail the important features of
sol-gel technology [1-3]. The use of sol-gel processing for producing
monolithic silica optical components has also been previously described [1,2].
In summary, there are three approaches to making sol-gel monoliths:

Method 1 - Gelation of colloidal powders.
Method 2 - Hydrolysis and polycondensation of
alkoxide  precursors, followed by

hypercritical drying to form aerogels.

Method 3 - Hydrolysis and polycondensation of
alkoxide precursors followed by aging and
drying under ambient atmospheres to form
xerogels.

Method 1 has been used by Shoup to make silica for reflective optics.
Method 2 has been used by Kistler (4], Fricke (5], Zarzycki [6], and others
to make aerogels, which can be used as very low density optical components
with an index of refraction close to 1.00 [7), or densified to form silica
glass [8].

In order to make net shape multifunctional optics we use Method 3 with
an emphasis on controlling at a molecular level each of the seven steps of
processing listed in Figure 1.

In our process the alkoxide is tetramethylorthosilicate (TMOS) and the
catalyst is either nitric acid or hydrofluoric acid, depending upon the
average pore size desired after drying. Full density net shape precision
optics termed Type V gel-silica, require all seven steps listed in Figure 1.
Partially dense, controlled porosity Type VI gel-silica optics require the
first six steps listed in Figure 1.

TYPE V, DENSE GEL-SILICA

The average pore size of the dried monoliths used in making Type V dense
gel-silica is very small, in the range of 1.2 nm, with a very narrow size

distribution, see Figure 2. Densification occurs at a low temperature,
1150°C, in a dry atmosphere due to the very small pore radii and very large,
>700 m?/g, surface area. There is almost no change in pore radii as

densification occurs, see Figure 3. As shown by Vasconcelos [9], nearly all
the change in texture during the densification is due to a decrease in
connectivity of the pore network which decreases the surface area and volume
fraction of the pores per unit volume, Figure 3. At 1150°C all the pores are
eliminated and the bulk density of the glass is 2.2 g/cc, equivalent to that
of vitreous silica, Types I1-1IV, nrade by other processes [1].

The shape of the optical component is determined by the shape of the mold
used for gelation, Step 2. Nogues et al. [10] report that it is possible to
achieve as-cast tolerances for the diameter, thickness, and radius of
curvature of silica lenses made by sol-gel processing which are within, or
supass, tolerances achieved by precision grinding and polishing.

The optical properties of Type V gel-silica are also superior than most
of the commercial grades of optical silica, as discussed previously [1,11,12].
Figure 4 compares transmission from the vacuum ultraviolet to the visible for
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Figure 1. Sol-gel processing sequence for multifunctional optics.
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Figure 2. Pore size distribution for dried silica gel monoliths with 1.2 nm
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Type V gel-silica with typical curves for Types II and III optical silicas.
Type V gel-silica has a lower wavelength UV cut-off than even Type III silica,
made by flame hydrolysis of SiCl,, which is sold for UV applications. Removal
of cation and hydroxyl impurities in sol-gel silica processing is responsible
for the improvement in optical transmission.

Transmission in the near IR of Type V gel-silica is also excellent, as
illustrated in Figure 5. There are no absorption peaks due to hydroxyl
impurities, see Table I, unlike Type III optical silicas.

TYPE VI, ULTRAPOROUS GEL-SILICA

Figure 3 shows that gel-silica monoliths heated up to 800°C to 900°C
still retain a large volume fraction of porosity. Vasconcelos’ studies of the
topological characteristics of these gels show that this porosity is
completely interconnected [9]. Because of the very small size of the pores,
Figure 2, the material is optically transparent, Figure 6. By heating to 800-
900°C stabilization, Step 7 in Figure 1, the concentration of silanols on the
surface of the pore network can be controlled, as illustrated in Figures 5 and
7 thereby making the material chemically stable when exposed to an aqueous
environment.

The ultraporous, optically transparent gel-silica., termed Type VI gel-
silica [1], is uniquely suited for many multifunctional optical applications,
as discussed by Hench et al. [1,12] and Nogues et al. (13].

It is possible to vary the pore size and volume fraction of porosity of
the Type VI gel-silica by using HF as a catalyst in Step 1, as discussed by
Parsell [14], Vasconcelos (9], and Elias [15]. Figure 2 compares the pore
distribution curves for monoliths with 1.2, and 8.0 nm average pore sizes.
Details of textural characteristics and the thermal behavior of these, and
monoliths with other pore sizes, are presented elsewhere by Vasconcelos [9]
and Elias [15]. Increasing the pore size of the network is important for a
number of multifunctional optical applications, as shown below. However, the
larger pores do degrade the UV cut-off to some extent, from 160nm to 235nm as
shown in Figure 4, probably due to Rayleigh scattering, as calculated by West
and Elias {15]. The porous Type VI optics also have residual hydroxyls
retained on the pore network, Figure 5, with the concentration dependent on
the maximum stabilization temperature. Since the larger pore network is more
thermally stable,{9,15] the larger pore optics can be heated to higher
stabjlization temperatures to decrease the OH content and still retain a very
large volume fraction of porosity (Figure 3). This increase in volume
fraction of porosity and greater thermal stability of the 8.0 nm Type VI gel-
silica offers a major advantage for the multifunctional optical applications
discussed below.
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Figure 5. NIR transmission curves for Types III, V and VI silica.
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Table I. S5i-0-H Fundamental Vibrational Assignments

Vo S1-0-H Out of Plane Bending

vy §1i-0-H (Isolated) Stretch

v, Si-0-H (Adjacent) Stretch

vy Si-0-H (Hydrogen Bonded to Water) Stretch

|II|IIIIII|IIIIIi |III

Type VI (Porous) —%

Ll L1 1 ) L1 il I 1 )
0 2 4 6 8 10 12
cm

Figure 6. Optical transparency of Type V (dense) and Type VI (porous) gel-
silica.
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Figure 7. Hydroxyl concentration of silica gel powders as a function of
processing temperature (from Davydov, et al. [16]).

TRANSPIRATION COOLED UV WINDOWS

Multifunctionality is highly desireable for optically transmitting
windows in high speed rocket guidance systems due to severe operating
condit jons. The windows need to transmit light over a broad range of
wavelengths, including the ultraviolet. Most importantly, the optical
transmission must not be affected by very high ambient temperatures and
impingement of very energetic gases. Reasonably good structural strength,
thermal stability, and thermal shock resistance is also required for rocket
windows.

A unique approach to achieving thermally resistant properties is to cool
the window by passing gases through the window. Such a concept is possible
with the ultraporous Type VI gel-silica monoliths.

The objective of the multifunctional optical component is to cool the
window via transpiration of gases through the interconnecting pore structure
while optical transmission is maintained.

The first step in evaluation of the concept of a transpiration cooled
window is to determine whether transpiration of gases is possible through a
porous Type VI gel-silica medium. The second step, if transpiration is
possible, is to characterize the transpiration rate as a function of pressure,
pore radius, sample thickness, and type of gas. The third step is to
determine whether UV transmission occurs through the Type VI porous gel-silica
window at elevated temperatures and with gases impinging on it. Fourth,
thermal shock characterization of the window is also needed.

A preliminary report of these multifunctional performance characteristics
follows. A low pressure (<700 psi) test chamber was designed and built to
quantify the rate of gas transpiration through the porous optical windows.
The results are shown in Figure 8 with the flow rates of helium through
samples with pore radii of 1.2nm and 8.0nm (processed to 180°C and 500°C
stabilization temperatures) measured as a function of pressure. Figure 9
shows the difference in flow between helium and nitrogen through the sample
with 1.2nm pores stabilized to 180°C. The flow rate of the He is considerably
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Figure 9. Helium versus nitrogen transpiration flow in a 1.2 nm pore size gel-
silica window.

faster than nitrogen due to the difference in size’ and the diatomic nature of
nitrogen; i.e., He = 0.36 nm, N, = 0.42 nm.

To determine the effect of elevated temperature upon the UV transmission
of gel-silica, a high temperature test apparatus was constructed, Figure 10.
This apparatus includes a UV light source, sample holder with thermocouple,
an oxygen-acetelyene torch heat source, and a multifunctional gel-silica
optical component as a UV detector. This detector component is described in
the next section. Fluorescent activity was observed in the detector at T >
1000°C due to the UV transmission of the window, absorption in the detector
and emission at ~600nm by the wavelength shifter. The upper limit of
temperature performance of the gel-silica UV window under transpiration
cooling is presently unknown but is probably much higher than can be measured
in this experimental set-up. Tests are underway and results will be presented
at the Spring 1990 MRS meeting.

‘Sizes (diameters) are approximated using twice the van der Waals radii
and adding the N = N bond length for N, (values taken from Huheey [17].
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Figure 10. Experimental setup for UV detection at elevated temperature.

FAST, RADIATION-HARD SCINTILLATING DETECTOR

The physical features of Type VIA porous gel-siiica described above are
attractive to use as matrices for doping or impregnation with fluors, non-
linear optical polymers or compounds, wavelength shifters, or lasing dyes.
The result is a hybrid multifunctional optical component.

Table 1T lists examples of some organic and inorganic compounds that have
been successfully impregnated into several Type VI gel-silica samples [1].

The results described above show that it is possible to select various
combinations of second phase loading which are a function of pore size and
total pore volume of the porous optical matrix. Previous studies [9] have
shown that physical properties such as flexural strength, compressive
strength, elastic modulus, coefficient of thermal expansion, density, and
microhardness are also a function of pore size and volume fraction of
porosity. For example, an 800°C heat treatment of a 1" diameter x 1/4" thick
plano-plano Type VI gel-silica blank with 1.2 nm pores produces an optically
transparent component that weighs 4.02 g, has a 117 HV microhardness, and has
nearly 2500 m® surface area with pores ~1.2 nm radius. This component can
accept 1.6 cc of a dopant second phase using various impregnation techniques.
Thus, 40-50 volume percent of the component can be filled with a second phase.

Table II. Compounds Impregnated into Type VI Porous Gel-Silicas.

Non-Lipear Optical Polymers ansition Metals
-PBT [Phenylenebenzobisthiazole] - Cu
-MNA [2-Methyl-4-Nitroaniline] - Ni
- Cr
Organic Flours - Ce
-B-PBD[2-4' -t-Butylphenyl) - Ag
5-(4"-Biphenylyl)-1,3,4-0xadiazole) - Fe
-P-TP [p-Terphenyl] - Co
-P-QP [P-Quarterphenyl}
Vavelength Shifter Rare- s hanides
-3-HF [Hydroxyflavone] - Nd
- Er

-Rhodamine 6G
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If a harder and stronger component is desired, a 900°C heat treatment can
be used although the amount of dopant phase is reduced to 1.31 cc.

The Type VI gel-silicas with larger pore sizes described above make it
possible to impregnate the component with higher molecular weight polymers.
The same 800°C treatment of a 1" diameter x 1/4" thick sample with 8.0nm pores
produces an optical component that weighs 1.98 g, has a 18 HV microhardness,
and has nearly 583 m® surface area with pores ~ 8.0 nm radius. This component
can accept 2.36 cc of a dopant second phase in its 70-75 volume percent
porosity. Differences between a gel-silica matrix with 1.2 nm pores versus
matrix with 8.0 nm are tabulated in Table III. These differences are large
and provide a wide range of textural features for use in tailoring
multifunctional optics.

For example, consider the fast radiation hard scintillator developed by
Nogues, et al.[13]. They utilized a Type VI gel-silica matrix with a 1.2mm
average pore radius and 0.35 volume fraction porosity as a host matrix for
organic fluors to produce a fast, radiation hard scintillaton detector. The
silica matrix provides high radiation resistance compared to the organic
plastic scintillators {13] and the organic fluor provides fast scintillation
response. Both properties are advantageous for high-speed counting necessary
in high-energy physics applications. The primary fluors used by Nogues, B-
PBD, P-TP & P-QP (Table I1I) have good radiation resistance and short decay
times of a few nanoseconds, but the fluorescence spectra typically peaks at
wavelengths below 400 nm, making it difficult to measure. To overcome this
problem Nogues, et al. [13] used another fluor termed a wavelength shifter
(WLF) (WLS) 3-HF (Table I1I) which absorbs the < 400 nm radiation of the
primary fluor and re-emits in wavelengths of = 500-600 nm. These wavelengths
are advantageous as they are less absorbing in glass than the shorter
wavelengths and also result in higher quantum efficiency for silicon
photodiodes. When analyzed for scintillation efficiency with a-, B-, and vy-
ray sources, the light output was reported to be only 6-7 times lower than
the much more highly developed plastic scintillator (13]. The vy-radiation
resistance of the silica matrix was many times greater than the organics.
These are very encouraging results for the first generation of multifunctional
optical components.

This same type detector with the 3-HF fluor dopant was supplied by Nogues
for use as the WLS/detector shown in Figure 10 and was used for the high-
temperature UV transmission test in the above mentioned transpiration study.
A source emitting 365 nm radiation passes through the heated porous window
being tested for transmission and is absorbed and re-emitted by the detector
as visible green -+ yellow-green light from the WLS/detector. Thus, a
qualitative and visual method for testing high temperature UV transmission
through a porous silica matrix was achieved.

Table 11I1. Property Comparisons Between 800°C Heat Tested Samples
of 1.2 nm and 8.0 nm Average Pore Radius.

Broperty L2om 8.0 om
Bulk Density (g/cc) 1.25 0.62
Surface Area per Unit Volume (cm™!) 7.63 x 10¢ 1.81 x 10°
Volume fraction Porosity 0.49 0.73

Vickers Hardness Number 117.3 16.8
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Figure 11. Fluors of different size requiring different pore size matrices.

Organic fluors and dopants come in various sizes, many much larger than
the 3-HF fluor used by Nogues (Figure 11). The octaethanol fluor exhibits
strong excitation (absorption) bands peaking at 315 and 520 nm while its
emission peak is shifted to 590 nm (up 85 nm from 3-HF which is 535 nm max).
The strong 315 nm excitation and 590 nm emission band make it better suited
for a high temperature UV transmission detector, provided one adds an optical
filter to eliminate the oxy-acetylene flame effect on this fluor. With the
larger (i.e., 8.0 nm) Type VI matrix it is feasible to use this larger organic
molecule which do not fit in the 1.2 nm pore size matrix, or to have a much
larger volume fraction of dopant (Table III).
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ABSTRACT

UV-VIS spectral comparison with model compounds and isolation of the major product from
preparative photolysis of one of the models has been used to show that the predominant photochemical
reactions in the solid state of an aryl cinnamate polymer are 2+2 cycloaddition and photo-Fries
rearrangement.

INTRODUCTION

Multifunctional macromolecules represent a new concept in polymer materials science. These are
organic polymers which combine desirable physical and mechanical propertics with one or more
functional properties such as novel optical or conductive behavior [1]. Liquid crystalline (LC) polymers
have aroused considerable interest owing to their inherent orientational ordering which can be preserved
in the solid state and thereby give rise to polymers of high tensile modulus along the direction of
orientation. We have been interested in soluble, easily processable photoactive aryl cinnamate LC
polymers for some time {2-5), partly because of a fundamental interest in the effect of a liquid
crystalline environment on photochemistry and photophysics and partly due to the practical possibility of
making biaxially strengthened films or fibers through photocrosslinking. In our carlier work (2] we have
investigated the photochemistry of novel main chain thermotropic aryl cinnamate polymers such as 1.
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We have also demonstrated that free standing films of a similar polymer could be used as write-once
optical recording media [3]. The three principal photochemical pathways available for aryl cinnamate
polymers such as ] are crosslinking and insolubilization via 2+2 cycloaddition leading to the formation
of & cyclobutane ring, photo-Fries rearrangement to give the 2°-hydroxy chalcone derivative likely
responsible for yellowing of the polymer film and cis-trans isomerization {2]. The photochemistry of
polymer ] has been examined as a function of phase type and temperature and the results indicate that
there is pronounced aggregation of the cinnamate chromophores in the LC (nematic) phase, which
influences the nature and amount of photoproducts formed [2,6]. In this paper, we shall present
evidence from model compound studies to elucidate and substantiate our observations on the

photoprocesses in these liquid crystalline polymers.

92-18246
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Proton and carbon NMR spectra were recorded on a suu ivine DIukct 1MvIR SpELiIUIGIEr. iviads
spectral data were obtained by direct injection into the ion source of a Hewlett Packard GC-Mass
spectrometer. Melting points for all compounds were determined using a Thomas-Hoover capiilary
melting apparatus. Infrared spectra were recorded on a Mattson Polaris FT-IR spectrophotometer and
clemental analyses were performed by Galbraith Laboratories, Knoxville, TN. All UV-VIS spectra were
recorded on a Perkin-Elmer Model 552 spectrophotometer. Polarized light microscopy to determine
liquid crystalline transitions was conducted using a Reichert-Thermovar microscope equipped with a
Mettler FP5/52 heating stage. All temperatures recorded arc in degrees Celsius.
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Preparation of model cinnamates

The model cinnamates that were examined in this study are shown below.
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Isopropyl cinnamate (2)

Model compound 2 was prepared by refluxing trans-cinnamic acid (10 g, 0.07 mol) with isopropyl
aleohol (40.5 g, 0.21 mol) in the presence of concentrated sulfuric acid as catalyst (2 ml), for about 15 h.
The excess alcohol was removed by a rotary evaporator and the remaining liquid was dissolved in
chloroform. The solution was then washed twice with water, once with aqueous sodium bicarbonate
(5% w/v) and then once again with water in a separatory funnel. Chloroform was removed from the
organic layer under reduced pressure leaving a colorless, sweet smelling liquid, which was dried
overnight with anhydrous sodium sulfate and filtered. Distillation under vacuum (9¢° C/1mm Hg) gave
8.3 g of ester (65%). Infrared and proton NMR spectra were comparable to authentic sample spectra
in the literature. UV-VIS (chloroform); = 277 nm. Elemental analysis for C,,H, ,Q,; Calculated:
C, 75.79%; H, 737%. Found: C, 75.46%; H, 7.26%.

Phenyl cinnamate (3)

Trans-cinnamic acid (5 g, 0.03 mol) was refluxed with excess thionyl chloride for 30 minutes.
Unreacted thionyl chloride was removed in a rotary evaporator and finally under high vacuum. A 1:1
stoichiometric amount of phenol (3.18 g, 0.03 mol) was dissolved in pyridine (20 ml) and added to the
acid chloride. Stirring was maintained for 24 h and then the reaction mixture was poured into 200 ml of
aqueous hydrochloric acid (30% v/v). The precipitated solid was filtercd, washed repeatedly with water
and dried thoroughly in air. It was finally recrystallized from ethanol/water to give 6.05 g (80%) of
white crystals. m.p, 75-76°C; lit. {7} 75-76°C. Infrared and proton NMR spectroscopy were consistent
with the assigned structure. UV-VIS (chloroform); = 285 nm. Elemental analysis for G H,,Q,;
Calculated: C, 80.36%; H, 5.36%;. Found: C, 80.18%; H, 5.33%.

4-Pentvioxypheayl Cinnamate (4)

The same procedure as outlined for 3 was used. Trans-cinnamic acid (5 g, 0.03 mol) was converted
to the acid chloride using thionyl chloride. It was thea reactcd with 4-pentyioxyphenol (6.08 g, 0.03 mol)
dissolved in pyridine (20 ml) for 24 h and the ester recovered in a similar manner. The ester was
recrystallized from cthanol/water to give 8.37 g (80%) of white crystals. m.p. 74-7°C. IR (KBr): cm™
2961, 2941, 2871, 1727, 1634, 1504, 1476, 1249, 1190, 1163, 1009, 855, 555. 'H NMR (chloroform d), §
093 (¢, 3H), § 1.16-2.5 (m, 6H), § 3.90 (t, 2H), § 6.56-7.86 (m, 11H). UV-VIS (chloroform); % =
283 nm. Elemental analysis for Conzzos' Calculated: C, 77.42%; H, 7.10%. Found: C, 77. s H,
7.20%.
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4 1 nyl 4’-pentyl inn

4-Pentyloxycinnamic acid needed for the synthesis of 5 was prepared by alkylating methyl 4-
hydroxycinnamate (15 g, 0.08 mol) with iodopentane (16.68 g, 0.08 mol) in DMF at 11¢P for 5 h using
potassium carbonate as base, similar to that outlined in literature [8] for an analogous reaction. The
mixture was then poured into a large volume of ice water and the resulting solid collected by filtration,
air dried and recrystailized from 75% ethanol (m.p. 64-66°C, yield = 47%). The resulting methyl 4-
pentyloxycinnamate (10 g, 0.04 mol) was then hydrolyzed to the acid by refluxing overnight in a solution
of potassium hydroxide in ethanol (10% w/v, 150 mol). The acid was then precipitated by acidification
of the solution with aqueous HCI (30% v/v, 300 ml), collected by filtration, washed well with water, air
dried and recrystallized from 85% ethanol (yield, 64%). K 139 N 179 I (K-crystal, N-nematic, I-
isotropic). lit. [9] K 139.5 N 179.5 L. Infrared and proton NMR spectra are consistent with the ~
proposed structure. The cinnamate model compound § was then prepared using the same procedure
described above for 3. 4-Pentyloxycinnamic acid (5 g, 0.02 mol) was coaverted to the acid chloride and
then reacted with 4-pentyloxyphenol (3.85 g, 0.02 mol) dissolved in pyridine (20 ml) for 24 h. The
workup of the product was the same as for 3. Recrystallization was from 95% ethanol and gave 6.6 g of
white crystals (78%). K 107 N 124 L. IR (KBr): cm ! 2057, 2936, 2871, 1721, 1632, 1510, 1395, 1287,
1252, 1196, 1152, 868, 819, 566. 'H NMR (chloroform d); § 0.92 (t, 6H), § 1.16-2.5 (m, 12H), § 3.92 (m,
4H), § 6.42-7.80 (m, 10H). UV-VIS (chloroform); 4\“% = 317 nm. Mass spectrum; M* at m/e = 396,
parent peak at m/e = 217 (loss of p-alkoxyphenoxy radical). Elemental analysis for GgH,, O, ;
Calculated: C, 75.76%; H, 8.08%. Found: C, 75.37%; H, 7.88%.

Pr. ion of the photo-Fries model (4.5 -dipentyloxy-2°-hydroxychal

The photo-Fries model compound 6 was obtained by preparative photolysis of 4-pentyloxyphenyl 4'-
pentyloxycinnamate, 3.
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Compound 3 (0.5 g) was dissolved in 40 ml of chloroform (concentration = 3.156 x 10 2 moles/liter)
and saturated with pre-purified nitrogen for 30 minutes. The solution was then irradiated under a
nitrogen atmosphere using a medium pressure mercury lamp with pyrex filter. The solution became
yellow almost immediately. Irradiation was continued for 45 h to maximize the yield of the photo-Fries
product. Cinnamate starting material was still present in the mixture (by TLC) after this time period.
The Fries product was separated from the mixture by preparative TLC on silica gel plates using a 95/5
(v/v) mixture of chloroform/hexane. Repeated recrystallization separately from methanol and then
hexane removed starting material contamination. Final recrystallization from 95% EtOH gave an
orange crystalline material with a m.p. of 77-78C. IR (KBr): cm™ 3442, 2958, 2940, 2867, 1641, 1563,
1424, 1253, 1172, 1020, 832, 580. TH NMR (acetone de)' §0.93 (t, 6H), § 1.18-2.0 (m, 12H), § 4.02 (m,
4H), § 6.88-7.88 (m, 9H). UV-VIS (mcthanol); = 360 nm. Mass spectrum; M* at m/e = 396,
parent peak at m/e = 136. A UV-VIS spectrum ol the Fries model in methanol compares favorably
with standard UV-VIS spectra of 2-hydroxy chalcones in the literature. The IR spectrum shows the
loss of ester carbonyl at 1721 cm™! and appearance of the keto-carbonyl at 1641 cm™' and the weak
hydroxyl stretch around 3400 cm™".

Photolysis of ci il

Qualitative photochemical studies were carried out using a Bausch & Lomb SP 200 high pressure
mercury lamp source with monochromator [2]. Irradiations were performed in chloroform at model
concentrations ranging from 0.7 - 0.9 mg/100 ml chloroform and at wavelengths corresponding to the
»\ru values of the appropriate cinnamate. Disappearance of the cinnamate chromophore as a function
ot irradiation time was monitored using a Perkin-Elmer model 552 UV-VIS spectrophotometer.




RESULTS AND DISCUSSIONS

Photolysis of a dilute solution of the cinnamate models 2 and 3 are shown in Figs. 1 and 2,
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Fig. 1 Solution photolysis of model 2 in Fig. 2 Solution photolysis of model 3 in chioroform at
chiloroform at 277 nm. Times indicated 285 am. Times indicated are cumulative
are cumulative irradiation times. irradiation times.

It is immediately obvious that a distinct difference exists between the two spectra in the long wavelength
region beyond 300 nm. The predominant reaction occurring in the solution photolysis of isopropyi
cinnamate 2 is likely cis-trans isomerization, until a photostationary state is attained (Fig. 1). This has
been observed upon irradiation of dilute solutions of other aliphatic cinnamates such as ethyl cinnamate
where no dimer is formed [10,11]. Solid state dimerization of cinnamic acid and its derivatives has been
long known and the topochemical control of this and other dimerizations has been clegantly established
by Schmidt et al {12). The topochemical postulate essentially states that dimerization takes place with
minimum molecular movement and that pre-orientation and an optimum separation distance of
interacting chromophores are prerequisites for reaction to occur in the solid state. It can be argued that
dimer formation does not take place in dilute solutions due to the low encounter probability for such a
bimolecular reaction and the extremely short singlet lifetimes that have been observed for analogous
cinnamates [13]. Reiser et al. [14] have, however, observed dimerization in ethyl cinnamate glasses
indicating that some pre-organization exists in this rigid matrix due, probably, to a dipolar interaction of
the cinnamate chromophores. Hence the major photoreaction in the solution photolysis of aliphatic
cinnamates like 2 is the unimolecular cis-trans isomerization. There is no evidence for other
unimolecular reactions such as ester cleavage that have been observed for some alkyl cinnamates [15].

Progressive irradiation of the phenyl cinnamate (Fig. 2) in solution results in a continued loss of the
absorption due to the cinnamate chromophore and buildup of a new absorption tailing beyond 300 nm.
This long wavelength absorption is attributed to a photo-Fries product and has been observed on
photolysis of the polymer 1 both in solution and in film [2]. This new band is not secea on photolysis of
the aliphatic cinnamate 2 (Fig. 1) as it is not an aryl ester and therefore cannot undergo a photo-Fries
rearrangement. Also, analogous polymers in which the aromatic ester linkage has been replaced by an
aliphatic ester bond do not show this long wavelength absorption [4]. Models 4 and 3 also exhibit the
same general spectral features and photochemical behavior as 3. Model § is a more chemically
analogous model for the polymer and this is reflected in the similarity of its solution spectrum and
photolysis behavior (Fig. 3) when compared to that of the polymer in solution [2].

Only the ortho photo-Fries product can be formed for the polymer as well as for § since the para
positions in both cases are blocked by alkoxy substituents. Isolation of the ortho photo-Fries product ¢
from the preparative photolysis of § and comparison of its spectral shape and long wavelength
absorption with that of the photolysis spectrum of § further confirms that the ortho photo-Fries product
is responsible for the new band at longer wavelengths. The major product in the preparative photolysis
of § is the photo-Fries product and no dimer couid be isolated under these conditions. Similar
observations have been made by other groups working with phenyl cinnamates [16,17]. No attempt was
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Fig. 3 Solution photolysis of model § in chloroform
at 317 am, Times indicated are cumulative
irradiation times.

made to isolate any other photo products although their preseace could be observed during preparative
TLC. The fact that no dimer could be isolated in solution can be rationalized on the basis of the
stringent requirements for such a bimolecular reaction and the extremely short singlet lifetimes (ps) that
have been observed for a related phenylene diacrylic acid based monomer and polymer {18]. The
photo-Fries rearrangement, being a unimolecular process, is more facile in solution, where greater
mobility is available for structural reorganization. Such mobility cffects have been observed by us upon
photolysis of the polymer film as a function of temperature [2,6]. It is also quite probable that other
radical additions {19] leading to saturation of the double bond can occur especially in solution where H-
atom abstraction from a solvent like chloroform can be envisaged. Preliminary indications of such a
possibility could be seen on photolysis of 5 in carbon tetrachloride where no H-atom abstraction can
occur. Some qualitative differences in the spectrum can be seen although the Fries product still seems
to be the major product. Formation of the dimer in the polymer film has been evidenced by the
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Fig. 4 Composite spectra of the dimer model 7 and the
Fries model § in PMMA with the initial and
exhaustively photolyzed polymer 1 film at 313
nm.




appearance of a peak at 45 ppm in the 13C solid state NMR speetrum of the photolyzed polymer,
detailed infrared analysis [4] and by UV-VIS comparison with a small molecule dimer model 3-(4’-
methoxyphenyl) propanoic acid 7 [2]. On overlaying the spectrum of the dimer model 7 and the Fries
model, § in PMMA, with the exhaustively irradiatcd polymer film (Fig. 4) it can be seen that the
spectral shape of the photolyzed polymer can be approximated reaffirming that 2+2 cycloaddition and
photo-Fries reactions are the major countributors in the photochemistry of the aryl cinnamate polymer in
the solid state.

CONCLUSIONS

We have shown through UV-VIS spectral comparison with model compounds and isolation of the
major product from preparative photolysis of 3 that the predominant photochemical reactions in the
solid state of an aryl cinnamate polymer such as 1 are 2+2 cycloaddition and photo-Fries
rearrangement. Although the photo-Fries reaction is usually considered to be an undesirable event
because of yellowing of the polymer film, it could have interesting applications in providing effective
second harmonic gencration for nonlinear optics due to the extended push-pull pi-electronic conjugation
in the resulting chalcone chromophore of the photo-Fries product. Some chalcone derivatives have been
known to have high second order polarizabilities {20] and this is an avenue we are pursuing.
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MULTI-FUNCTIONAL DEVICE APPLICATIONS OF NONLINEAR OPTICAL
POLYMER MATERIALS. R. Lytel and G.F. Lipscomb, Lockheed Palo Alto
Research Lab. 0-9701, B-202, Palo Alto, CA 94304

ABSTRACT

Recent developments in the application of electro-optic polymer materials to
perform multi-functional roles in integrated optic device applications are sum-
marized and future requirements for practical field operation are discussed.

INTRODUCTION

Organic and polymeric materials and devices have been the center of intense
scientific and engineering investigation for many years due to the extraordinary
nonlinear optical and electro-optic properties of certain conjugated n-electron
systems and due to the fundamental success of molecular engineering in
creating new materials with appropriate linear and nonlinear optical
properties.[1] As a result of this fundamental work, materials, in which the
microscopic origin of the nonlinear susceptibility is well understood and the
bulk chemical and mechanical properties are well characterized are now
available for implementation in laboratory prototype devices.

Organic electro-optic (E-O) materials offer potentially significant advantages
over conventional inorganic electro-optic crystals, such as LiNbO3 and GaAs, in
several key areas of integrated optics technology, as summarized in Table 1,
including materials parameters, processing technology and fabrication
technology. The most striking advantage, and the reason for the intense interest
in these materials, is due to the intrinsic difference in the electro-optic
mechanism. Unlike inorganic ferroelectric crystals, where the electro-optic
response is dominated by phonon contributions, the electro-optic effect in certain
organic materials arises in the electronic structure of the individual molecules,
yielding large E-O coefficients with little dispersion from dc to optical
frequencies (second harmonic generation) and low dielectric constants. Poled
polymer organic materials have been demonstrated which exhibit electro-optic
coefficients comparable to that of LiNbO3[2] coupled with a dielectric constant
nearly an order of magnitude smaller. The low dielectric constant is essential to
the success of high bandwidth modulators due to the resulting lower velocity
mismatch between the RF and optical waves, and could lead to an improvement
of more than a factor of 10 in the bandwidth-length product over current LiNbO3
devices. The microscopic molecular origin of the second order nonlinear
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susceptibility, x(2), and linear electro-optic coefficient, r, in organic NLO
materials is now well understood theoretically{3,4] and experimentally{5,6], and
the materials are ready for initial exploitation.

The materials research effort in recent years has centered on the inclusion
of the nonlinear optical moiety in a guest/host or polymer system with
appropriate linear optical, mechanical and processing properties and the
artificial creation of the desired symmetry through electric field poling.[7,8]
These materials can then be simply and rapidly spun coat into high quality thin
films, processed with standard photolithographic techniques and poled quickly
and efficiently. A table of the materials and measured electro-optic coefficients
from various groups is presented in Table 2. In addition, channel waveguides
and integrated optic circuits can be defined by the poling process itselff9] or by a
variety of well understood micro-machining techniques. These processes
represent a considerable increase in fabrication flexibility and processing
simplicity over current Titanium indiffused LiNbO3 waveguide technology,
which requires processing at temperatures approaching 1000°C after expensive
and difficult crystal growth.

Table 1 Current LiNbO3 and Projected Organic Integrated Optics Technologies.

PROPERTIES Niobate Polymers
Electro-optic coefficient (pm/V) 2 1050
Dielectric constant | 28 4
Loss (dB/cm @ A=1.3 mm) 0.1 0.2-0.5
Space-bandwidth product (GHz-cm) 10 120
Crystal Growth Temperature, °C 1000 NA
Waveguide Processing 1000 150-200
Temperature, °C
Waveguide Processing Time 10 hr. 10 min.
Multiple Layers Possible No Yes
Fabrication & processing difficult simpler
Packaging expensive UNKNOWN

Maturity >30 years <10 years




Table 2 Reported Electro-Optic Coefficients in Poled Polymers

* AT&T BELL LABS. (H.E. Katz et. al, Mtls. Res. Soc. 109, 127 (1987))
* DCV/PMMA, r = 32 pm/V, A = 1.356 um (guest/host)
e TCV/PMMA, r = 53 pm/V, A = 1.356 um (guest/host)

* AT&T BELL LABS. (K. Singer et. al, Appl. Phys. Lett. 53, 1800 (1988))
* DCV-MMA, r = 15 pm/V, A = 0.8 um, corona poled

¢ AKZO RESEARCH (G. Mohlmann, IGWO/QFC '89, Feb. 89)
e DANS, r = 28 pm/V, A = 1.3 um (random copolymer)
¢ MONS, r = 18 pm/V, A = 1.3 um (random copolymer)

* HOECHST CELANESE (D. Haas, SPIE, San Diego, 1989)
* r=40 pm/V,A = 1.3 um

APPLICATIONS TO INTEGRATED OPTIC DEVICES

A serious limitation of LiNbO3 modulators is the velocity mismatch between
the electrical wave traveling down the electrodes and the optical wave traveling
down the optical waveguide. The RF field from the electrodes extends into the
dielectric material and thus travels with a velocity v = ¢/Veeff where c is the free
space velocity of light and eefr is the effective dielectric constant of the waveguide
structure. eoff depends on the details of the electrode structure itself. eeff is
generally a linear function of g5, the dielectric constant of the electro-optic
material. For LiNbO3 €4 =38, while for the poled polymer films €5 ~3.5. The light,
however, travels down the waveguide with a velocity v = ¢/n, where n is the
index of refraction of the waveguide material, which for LiNbO3 is n = 2.2 and for
the poled polymer films n ~ 1.6. Thus, the optical and electrical waves traveling
down the device structure gradually get out of phase with each other, and for a
given device interaction length there is a maximum frequency, f;, at which the
device can be driven. The high speed modulation limit of the material can be
estimated by the bandwidth length product approximately given by:[10]

chz__C___
(Vear -n) (1)

For LiNbOj3, fflL = 9.6 GHz-cm for a standard Mach Zehnder
configuration[10], while for the organic poled polymer films discussed here f.L ~




120 GHz-cm. Thus for this class of materials the primary limitation of LiNbO3
for high speed modulation in the 20 - 40 GHz range is effectively removed. The
limiting factor for the poled polymer films will probably be RF loss in the
electrodes, which is increasing as the square root of the drive frequency.

Poled Polvmer Waveguides

Integrated optic devices have been fabricated at LMSC based on organic
polymers by spinning the material into high quality thin films on optical
substrates. As spun, the films are isotropic and thus exhibit no linear electro-
optic effect, r. In addition to inducing a non-centrosymmetric structure to
achieve a macroscopic electro-optic effect, a second major transformation must
be engineered in the material to enable the fabrication of integrated optic
circuits. Channel waveguides must be formed to confine and guide the light
from one active element of the integrated optic circuit to another. Electric field
poling has been extensively studied as a means to partially align nonlinear
optical molecules in an inert polymer matrix to induce a macroscopic r.[7]
Figure 1 illustrates a new, powerful method, developed by LMSC, by which
channel waveguides can be fabricated by the poling process itself [9]. An
electrode structure, defining the channel waveguides, is patterned on an optical
substrate, using standard photolithographic techniques, and covered with a
buffer layer, to isolate the active waveguide layer from the electrode. The buffer
material must be chosen to have an index lower than the guiding layer and to be
compatible with the required processing. The electro-optic polymer is spun
directly onto the lower buffer layer, and different buffer layers must often be
used with different nonlinear polymers. A metal ground plane is then deposited
directly onto the nonlinear polymer for poling. The nonlinear layer is then poled
by applying an electric field above the polymer glass transition temperature and
cooling the sample to room temperature under the influence of the field. The
degree of alignment induced, and the resuitant electro-optic coefficient, can be
calculated based on a statistical average of the molecular susceptibilities.[7] In
this case only those regions of the material defined by the electrode pattern on
the electro-optic material are poled.

Since most organic nonlinear optical molecules also possess an anisotropic
microscopic linear polarizability, the poled region becomes birefringent.[11] The
poled regions are uniaxial, with ng oriented along the direction of the poling
field. Consequently, TM waves propagating along the device structure will
experience a greater refractive index in the poled regions than in the unpoled
regions, and so can be confined in the lateral dimension. Thus, by applying the
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poling fields using electrodes patterned to define the waveguide network,
including both active and passive sections, no further patterning of the organic
NLO layer is required to form the channel E-O waveguide structures. The
devices are then completed by etching off the poling electrode, applying an upper
buffer layer and depositing the patterned switching electrodes, as shown in
Figure 1. The switching electrodes are positioned to address only the sections of
the guide desired to be active. A photograph of a section of poled waveguide is
shown in Figure 2. The region on the left is unpoled and the light fans out and
is clearly unguided. The regioi. ' n the right has been poled and the light is
clearly guided and confined to the waveguide region. Using this technique,
LMSC has fabricated poled polymer channel waveguides, and has demonstrated
modulators, couplers, and bends in electro-optic polymer materials.

Electric Field

NLO Polymer [
’ Lines

Butfer Layer 9 Lower Electrodes
i e )"} Define Waveguide
Pattern
o ////////
Substrate Top Electr
J and Buﬁeroqaf\'
FABRICATION
Lower Electrode+—"
Switching Electr and Channel WG
Upper
Buffer
NLO Po|ymel N K¢ l: X X '\/\/\/ N 1 L Y 7\7:1 Electric Field
L' N ¢\ +1+1 I\I\I‘I‘I\I‘I 1+ Nt LA Li
’ s’ ok o i LRI 4 ’ Hes
Buffer Layer \ Poled P Lower Electrodes

i = Define Waveguide

Pattern
Substrate
7 Substrate TOP VIEW OF DEVICE

ELECTRO-OPTIC MODULATION

Figure 1. Fabrication of Channel Waveguide by Electric Field Poling.
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Figure 2. Photograph of a Poled Polymer Waveguide.
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Poled Polvmer Phase Modulator

Using the poled polymer waveguide fabrication technique a 1.0 GHz
traveling-wave phase modulator was constructed at LMSC and is shown
schematically in Figure 3. This device was constructed to investigate the
material response at RF frequencies and to verify theoretical performance
predictions and was not optimized for optical or electrical performance and was
not packaged.

Figure 3 Schematic Diagram of LMSC Traveling Wave Phase Modulator

To fabricate the device a ground plane electrode, buffer layer, E-O polymer
and upper buffer layer were deposited on a glass substrate. A straight channel
waveguide was fabricated by electric field poling and a 9.5 ohm microstrip
electrode was deposited on the upper buffer layer over the active channel. The
electrode length over the waveguide was 3 cm. A quarter wave transformer
resonant at 260 MHz was used to impedance match the microstrip to the driving
electronics and the microstrip was terminated into 9.5 ohms off of the chip.
Prism coupling was used to couple light into and out of the device and the
resultant phase modulated beam was mixed with an external arm reference
beam on the photodetector. Shown in Figure 4 is the signal at 260 MHz for a
drive voltage of 8.7 V. This represents a phase modulation of 60% of full wave
and yields a value for the electro-optic coefficient, r, exactly the same as that
measured at low frequency. Thus no dispersion is observed in r out to 260 MHz.
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260 MHz

Figure 4 Response of the Phase Moaulator at 260 MHz and 1 GHz

Figure 4 also shows the modulated signal at 1.0 GHz. Clear modulation is
observed, but the response of the detector, oscilloscope, impedance transformer
and electronics were all dropping off rapidly at this point, and therefore,
quantitative measurements were not possible.

CONSIDERATIONS FOR PRACTICAL APPLICATIONS

Organic electro-optic materials now exhibit very attractive primary
properties for integrated optics applications. The ultimate practicality and
utility of this new technology, however, will be determined as much by the
secondary materials properties as by the primary electro-optic effects. For these
applications, primary properties are defined as those that directly affect the
optical device function, including electro-optic coefficient, index of refraction,
microwave dielectric constant, and propagation loss. Secondary properties are
those which indirectly affect the primary device function through altering the
processability of the materials, the compatibility of materials and processes
with other system components, the stability of materials and structures or the
lifetime and reliability of the final device. Some examples of secondary
properties include the thermal coefficient of expansion (TCE), thermal stability
of the poled state, hydrolytic stability, chemical compatibility and UV sensitivity,
as well as a whole host of processing issues. These secondary properties are
only now beginning to be addressed by the same molecular engineering
techniques that led to the substantial progress in primary properties that has
been reported to date.

Before a system designer will select and use a new technology he must have
confidence in the long term stability and reliability of the device prototypes. The
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Figure 5 Segment of an Electro-optic Waveguide.

device must form an intrinsically stable package capable of meeting Mil-Spec
standards as well as commercial standards. Common temperature
requirements are operation up to 125°C and storage up to 200°C. The device
should add no additional electrical power requirements and should require no
more than normal thermal management. Furthermore, the materials and
device structures should be capable of withstanding standard assembly and
packaging processes. The finished product must be compatible with subsystem
integration, without additional packaging requirements.

As just one example of how secondary properties can affect primary optical
device function, we consider the performance of an electro-optic modulator as a
function of temperature. Shown in Figure 5 is a single segment of active electro-
optic polymer waveguide. The figure of merit for electro-optic phase modulation
for this waveguide is the half wave voltage, V., and is given by:

Vi = (Mn3r)(a/L) (2)

L is the length of the waveguide, n, is the index of refraction of the waveguide, A
is the cross-sectional dimension, r is the electro-optic coefficient and A is the
wavelength of the light. The variation in the half-wave voltage as a function of
fabrication tolerances and the thermal coefficient of expansion (TCE) is given by:

SVp/Vr = SMA-33n0/Ng-0r/r+3A/A-SL/L 3

For this example it is assumed that a low TCE substrate, such as Silicon,
with TCE = 3 ppm/°C is used and effectively pins the polymer waveguide layers
in the lateral dimensions. For an electro-optic polymer material with a TCE ~
100 ppm/°C the half-wave voltage can vary by 8V,/V, ~15 - 55% over operating
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temperature ranges of -40°C to +125°C. This degree of variation is too severe for
normal device operation and efficient device design. For this reason, new
polymer backbone materials are now being investigated with TCE ~ 40 ppm/°C
and would limit temperature variations to 8Vp/Vp ~5%. In this way, the
secondary properties of electro-optic polymers can be engineered based on device
function and expected operating environment.

CONCLUSIONS

Organic electro-optic materials with primary properties meeting or
exceeding those of standard inorganic electro-optic crystals have now been
reported by several groups. The theoretical basis for the nonlinear optical
response of organic materials has been well established and molecular
engineering techniques have been applied to improve the nonlinear and electro-
optic responses achieved. Furthermore, organic electro-optic materials appear
to offer significant potential advantages in performance, fabricability, flexibility
and cost over conventional inorganic crystalline materials. Electro-optic
polymer materials have not yet progressed to the point, however, were full-up
field testable proto-type devices can be evaluated in direct competition with
inorganic based electro-optic devices and much less to the point where practical
devices exhibiting superior performance can be manufactured reproducibly and
inexpensively. In order for electro-optic polymers to move from the laboratory
into a practical technology, the same molecular engineering techniques that
resulted in the exceptional primary electro-optic properties must be applied to
optimizing the secondary properties. The next key challenge in the development
of electro-optic polymers will be to achieve the long-term reliability and stability
required for commercial and defense applications.
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ABSTRACT

Synthetic efforts toward novel NLO and piezoelectric polymers are
described. NLO-phores are incorporated in the main chain of a polymer with
all the dipoles in the same direction by polycondensation of AB-monomers.
The polymers containing p-alkoxy-a-cyanocinnamate units in the backbone show
cooperative enhancement of SHG in solution. For comparison, p-thio-a-
cyanocinnamate is incorporated in the main chain and in the side chain of
polymers. Novel potentially piezoelectric polymers synthesized include
polymers containing multicyanocyclobutyl or -cyclopropyl groups and
acrylonitrile copolymers.

INTRODUCTION

Desirable physical and mechanical properties have always been the major
reason why polymers have so many uses. More recently, novel polymers also
display one or more functional properties such as piezoelectric or
pyroelectric behavior, non linear optical properties (x? and/or x7%),
electrical conductivity, ferromagnetism. Polymers can thus be used as active
parts of electronic and optical devices, while still retaining their typical
mechanical properties and their ease of processing. In this paper, our

ongoing research in the synthesis of NLO-active and piezoelectric polymers
will be reviewed.

POLYMERS WITH NON-LINEAR OPTICAL PROPERTIES

The use of polymers in NLO materials has many advantages.!'? The NLO
phores are chemically bound to the polymer molecule and thus no small
molecules can leach out. Also, a higher concentration of NLO-phores can be
obtained than with guest-host systems. The mechanical properties of the
polymers lead to easier and more versatile processing. In polymers
containing the NLO-phore in the main chain, cooperative enhancement can
possibly be observed by which the total SHG effect of the dipoles is larger
than the effect of the sum of the individual dipoles.® The aim of this work
was to synthesize colorless, optically clear linear polyesters with high
concentrations of NLO-phores and high t,. The polymers also have to be
soluble in common solvents to allow spin-casting.

Polymers with NLO-phores in the main chain can be synthesized in which
the dipoles of the NLO-phores all line up in the same direction. This is
achieved by using an AB monomer, namely a hydroxy-ester monomer with the
acceptor groups at the ester terminal and the donor groups at the hydroxyl
end, connected by a #-system. Transesterification under standard conditions
then leads to a polymer with all the dipoles lined up in the same direction.

Mat. Res. Soc. Symp. Proc. Vol. 175, < 1990 Materials Aesearch Society
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Quinodimethane monomers with both an ester and a hydroxyl terminal were
first investigated.® The two following a-cyano-ester quinodimethanes were
prepared:

NC NH NC N
>==<D=< OH >=<}( HJ
Me0OC NH Me0OC N
o
DAQ DEQ

the highly symmetric 7,7-(alkanediyldiamino)-8-carbomethoxy-8-cyanoquinodi-
methane DAQ and the more unsymmetrical DEQ.

Homopolymerization of these two monomers yielded intractable polymers.
DAQ and DEQ were copolymerized with 12-hydroxydodecanoic ester to introduce
softer segments in the polymer chain, while still maintaining the
unidirectional dipoles. However, these copolymers were still too polar,
high-melting and too insoluble to permit spin-casting.

From the results we obtained with the quinodimethane monomers, it was
obvious that the dipole in these monomers was too strong to allow formation
of a processable polymer. Therefore a less dipolar, but similar system was
selected, namely p-alkoxy-a-cyanocinnamates. Several of these monomers with
dirferent length spacer groups at the hydroxy end and slightly different
substitution of the phenyl group were synthesized.?

MeO
Me
HO(CHz)sO COOMe
COOMe HO(CH,),0 CN
MeO CN
HO(CH,) 0

COOMe
CN




53

Homopolymerization was accomplished by standard two stage
polycondensation using dibutyltin diacetate as catalyst. Unfortunately,
these homopolymers were still too insoluble in common organic solvent to
allow convenient spincasting, even when the six carbon spacer unit was
introduced in the monomer. Therefore, we again resorted to copolymerization
with 12-hydroxydodecanoic ester. A copolymer containing 33% dodecanoic ester
units was easily soluble in dichloromethane, but only 25% resulted again in
insolubility. Solution cast films were made of all the soluble copolymers.
The yellow transparent films were flexible and amorphous, and could be
stretch-oriented.

Electric-field induced second harmonic generation EFISH measurements
for model compounds and for the copolymers in solution are summarized in
Table I.® The pg values range from 10 to 113 x 107*® esu depending on the
aromatic substitution pattern. The wf/n values, in which n is the number of
NLO monomer units per chain, for the copolymers show considerable
enhancement compared to the model compounds: G = 15-20. The electric field
induced SHG signal is therefore considerably larger for these polymer chains
than for the individual monomer units. However the enhancement factor is
less than the number of monomer units in a chain, which means that the chain
conformation is far from extended.

Table I. Electric Field Induced Second Harmonic Generation Results.?

Compound upt
(x 107%¢ esu)

OMe
113
[ T1)
Yol COO0Me
I 57
non-o%
COOMe
MeO (4]
48
MeO
CO0Me
MeO cN
uB/n® Ge
copolymer MW 17,000 830 15
copolymer MW 70,000 1140 20

*u = ground-state dipole moment

bn = number of NLO-phore units per chain
°G = enhancement factor

Solvent: chloroform

The films of these copolymers were poled above t,, and then cooled while
the electric field is maintained to lock in the molecular orientations.
These polymers have t, temperatures below room temperature, so the poling
could be done at room temperature. The uf/n value for these films was only
24 x 10°*® esu, showing no enhancement whatsoever. We attribute this to
excessive entanglement in the polymer chains which do not allow the molecular
alignment of the-dipole units. Moreover these films lose the SHG signal
rapidly and completely at room temperature. This indicates that the dipole




alignment is completely lost above t,. This again shows that no rearrangement
of the polymeric chains occurred in the poling process, but that only some
dipole units in the main chain were aligned with the electric field. This
issue of the entanglement versus alignment will be further investigated.

W - ~q- t a

In this series of polymers we have investigated the effect of using
sulfur as the donor unit in a NLO asymmetric AB monomer.® S is more
polarizable than O, even though the ground state of the sulfide is less polar
than the ether analogue.

Different p-thio-a-cyanocinnamates with the following spacer units at
the Jdonor end were synthesized: dimethylene, hexamethylene and p-cyclohexane-

dimethylene. Different cis/trans ratios of the latter were used.

Table II: Homopolymers with p-thio-a-cyanocinnamate in the Main Chain.

Honouer Mwn 1, 1. sowverurry

HOCH,CH,S . .
COOMe - 82 200 HFIP

CN

HO(CHy) S ,
e %coau. - 45" 130°sweLLs 1N

H O\ D CN 2CL,;
s
COO0Me
cN
97% TRANS .34 113° 240° PuCL/PHOH
50/50 102° PHCL/PHOH

CIS/TRANS

Homopolymerizations using the standard two stage polycondensation
method and tributyltin acetate as catalyst proceeded satisfactorily, but the
obtained polymers were only soluble in highly polar solvents such as a
mixture of chlorobenzene and phencl. These homopolymers had t, above room
temperature as shown 1in Table II. They crystallized either during
polymerization (for the cyclohexane polymers) or upon treatment with methano]
at room temperature. An amorphous state was achieved when these polymers
were heated above t,, followed by rapid cooling. Copolymerizations of the
acyclic alkyl chain monomers with 12-hydroxydodecanoic ester led to more
soluble and yellow polymers. The crystallinity of these polymers was
confirmed by DSC (differential scanning calorimetry) in which all these
polymers showed a t; between 60 and 110°C, but no glass transition
temperature. Copolymers between the acyclic alkyl spacer monomers with the
all-trans cyclohexane monomer might lead to less crystalline materials.

As far as the B values of these p-thio-a-cyanocinnamate units are
concerned, we have performed calculations of 8 using the solvatochromic
method.’ The results are summarized in Table III. The p-thio-a-
cyanocinnamate has -a ground-state dipole moment of 3.84D, which was
experimentally measured. We can compare this to a value of 5.37D for p-




methoxy-a-cyanocinnamate, obtained from AMl1 calculations. This is in
agreement with the expected trend in which the ether analogue would be more
polar than the thio-ether in the ground state. The S-values for the thio-
ether are considerably larger than for the oxygen analogue. The two 8-
values of 58 and 98 x 1073 esu were obtained from solvatochromic measurements
in fluorescence and UV, respectively using the Block-Walker method.’ The 8-
value for the alkoxy derivative (10 x 107%° esu) was calculated from the EFISH
measurement and the AM1 value for the dipole moment for the p-methoxy
analogue. Within the limitations of the different methods used, we can still
conclude that the thio-ether has a higher f-value. This is due to the higher
polarizability of the sulfur, which results in a larger dipole moment in the
excited state.

Table III. pB-values for p-thio-a-cyanocinnamate.

Compound Byrat” Method B up
(D) (1073 esu) (107*® esu)
WO X 3.84  exper. 580 223
N CooNe
S
98¢ 377
CN 204 57
HO
_\—\ COOMe
Q
Me0
CN

COO0Me
Ve 5.37 AM1

“dipole moment in the ground state
bfrom fluorescence
¢from UV

48-value obtained from EFISH puB-value and AM1 dipole moment for methoxy-
derivative

Polymers wit -thio-a-cya i the Si Ch

In order to investigate the effect of the placement of the NLO phore
in the polymer, we prepared acrylate and methacrylate polymers with the same
p-thio-a-cyanocinnamate unit in the side chain. The question arises if
enhancement of the f value only occurs when the NLO phores are in the main
chain, or if this enhancement can alsoc be observed if the NLO phores are
attached to the polymer backbone.

p-Thio-a-cyanocinnamate monomers attached to an acrylate or a
methacrylate unit were synthesized. The acceptor moiety of the p-
thiocinnamate unit was either the a-cyanoester unit, similar to the unit used
above, or the dicyano unit.® Polymerizations in bulk consistently led to
insoluble polymers, even if the title monomers were copolymerized with methyl
methacrylate. Only at a 5/95 field ratio (S-monomer/MMA) was a polymer
obtained, yielding optically clear £films. Homopolymerizations in benzene led




to soluble polymers with moderately high molecular weights: 1n,, = 0.4-0.9
dL/g. Non-linear properties of these polymers have yet to be investigated.

e M
CHq=C-COO0 S CH,=-CH-COO S
CO00Me CN

CN CN

e M
CHq-t-C00 s—-@-y
cN

CN
conclusions Regarding NLO Polymers

To our knowledge, the polymers containing aligned NLO-phores in the
main chain are the first ones reported in the literature. From our studies
of these polymers, we can conclude that in the p-alkoxy-a-cyanocinnamate
polymers, a cooperative enhancement of the SHG can be observed.
Unfortunately this enhancement was only found in solution. In films poled
above t,, no enhancement was detected. Moreover the non-linear properties of
these films degraded very rapidly at room temperature, which in this case was
above t,. What this indicates is that the poling is not able to realign the
polymer chain in a film if the NLO-phores are in the backbone and the
molecular weight is high.

The p-thio-a-cyanocinnamate NLO phores were incorporated in polymers
in two different manners, main chain and side chain, to compare the influence
of the topology. Surprisingly, the main chain polymers were crystalline, but
could be kept in an amorphous state indefinitely. Also, the sulfide polymers
had higher t,'s than the ether analogs. Within the limitations of the
different methods used to compare the f-values, the p-thio-a-cyanocinnamates
have a higher potential for second order non-linear optical behavior, due to
the higher polarizability of the sulfur atom. Experimental work continues
to obtain processable material from both the main chain and side chain
polymerizations and to compare their polarizability.

CYANO-CONTAINING POLYMERS AS PIEZOELECTRIC MATERIALS

The best known piezoelectric polymer is the g-form of polyvinylidene
fluoride, which is crystalline.® Among the amorphous polymers, the
alternating copolymer of vinylidene cyanide and vinyl acetate is also
piezoelectric.!® A potential piezoelectric polymer has to contain a high
concentration of dipoles and alsc be mechanically very strong. These
polymers have to be film-forming and be able to withstand high voltages
without breakdown. The dipole moment of a C-F bond is 1.9 D (Debye), while
the dipole moment of a cyano group CwN is 3.9 D.!! This is an indication why
the vinylidene cyanide / vinyl acetate copolymer is piezoelectric.

To synthesize polymers with many dipoles which can be aligned in the
same direction, the cyano polymers look very promising. Moreover, if the
total dipole moment is the determining factor, one cyano group has a dipole
moment comparable to two geminal cyano groups, because of the angle between
the two geminal dipoles. To verify this concept, molecular modeling
calculations were performed on some aliphatic nitriles and fluorides using
AM1.12 These results are summarized in Table IV. The dipole moments for the
fluorides are considerably smaller than for the corresponding nitriles. The
calculated dipole moment for 2,2-difluoropropane of 2.40 D is in good
agreement with the experimental value of 2.33 D for 1,1-difluoroethane.!!
Moreover the dipole moment of isopropyl cyanide (2.96 D) is only somewhat
smaller than the value for 2,2-dicyanopropane (3.34 D).
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Table IV: Calculated Dipole Moments (D).

/k 1.88 >< 2.40 /J\F 2.33 (exper.)

CN NC_ CN

/kz.n )&s.u

N
4.50 $.08
NC CN CN
QN
faaC N
NG o CNs. 58 s 4.64
NC CN cN

We also calculated dipole moments for small rings, three- and four-
membered, containing nitrile substituents. Small rings do not undergo large
conformational changes found in the larger rings, most notably in the five-
and six-membered rings. The dipole moments for small rings with different
substitution patterns with cyano groups were also calculated by AMl. The
largest dipole moments were observed for cis-disubstituted rings, both in the
three and four-membered series. However synthetically these are not easily
accessible. The tetrasubstituted rings had also rather large dipole moments,
and are easier to synthesize.

The AM1 calculations support our intuitive ideas that one cyano
substituent should be almost as effective as two geminal cyano substituents.
This opens up a whole new area of potentially piezoelectric polymers with
acrylonitrile as the basic building block. (Polyacrylonitrile itself is not
suitable because the polymer forms a helix.) The other possible pathway to

plezoelectric polymers is incorporating cyano-substituted cyclopropanes and
cyclobutanes in the polymer structure.

- e

Our first approach to the synthesis of polymers containing multicyano
cyclobutanes was polycondensation of dicyano-substituted cyclobutanes.!® The
cyclobutanes are obtained from cycloaddition reaction of electron-rich

olefins, such as vinyl ethers or p-alkoxystyrenes with methyl g,8-dicyano-
acrylate,!®

0 CN
= . ~ __.:—Q—o ——o-o-co—Q—D-
€ cN

NG CN NC CN

D = donor substituent such as -OR or -PhOR, E = COOMe

o




If the donor substituent contains a hydroxy or acetoxy end-group, a
conventional polycondensation reaction can lead to a polymer with
cyclobutanes substituted by two geminal CN-groups in the main chain. The
following cyclobutanes, among others, were synthesized:

PRIRS sl 0CHCHy08
Tlen
£ CN
sla:trane 1:3 CN
£ CN

R = OH, OAc, E = COOMe

Unfortunately, all attempted polycondensations were unsuccessful due
to monomer decomposition. The cycloaddition reaction leading to these
cyclobutanes is reversible, Even if the novel polycondensation methods at
room tgmperature pioneered by Ogata were used, did monomer decomposition
occur.!

In another approach, p-(tetracyanocyclobutyl)styrene was synthesized
from p-divinylbenzene and tetracyanoethylene.l® This styrene monomer could
be homopolymerized, but no copolymerization with common wonomers such as
styrene or acrylonitrile has been observed yet. The polymers are still too
low molecular weight to be film-forming, but offer the potential for high
concentration of dipoles necessary for piezoelectric behavior.

AN
1}
0
NC Me
CN NC CN
CN CN
NC CN

The tetracyanocyclopropane group has been incorporated in an acrylate
and methacrylate monomer, by reaction of acetonyl (meth)acrylate with
malononitrile.!” These monomers are also able to homopolymerize by a radical
mechanism, but in this case too, no film-forming molecular weights have been
obtained yet.

Radical homopolymerization of bicyclobutanecarbonitrile leads to a
polymer with cyclobutanes in the main chain and a cyano-substituent at a
bridgehead.!®

CN

R
<EE;>___CN —_—
n

NMR studies have determined that this polymer does not have a helical
structure, such as a polyacrylonitrile.!® The polymer is film-forming, and
a 25 u film could be poled at 50 kV/u at 205°C. A piezoelectric constant
d;;=0.3 pC/N was observed, which is about 5% of the value obtained for the
vinylidene cyanide/vinyl acetate copolymer. This is to date the polymer with
the highest t, which shows piezoelectric behavior.?
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Acrylonitrile Copolymers

Turning to more common monomers, we are investigating the use of
acrylonitrile copolymers as potential piezoelectric materials. As shown from
AM1 calculations, the dipole moment of one cyano group is only slightly lower
than the dipole moment of two geminal cyano groups.

Spontaneous copolymerization of acrylonitrile with vinyl acetate has
been reported in the presence of zinc chloride at 40°.2! A perfectly
alternating copolymer is obtained. Films can be cast from acetone and a
pyroelectric constant p = 2 uC m"2K™! has been observed after poling a 40 um
film at 16V/p at 70°. To achieve a higher concentration in dipoles,
acrylonitrile was also copolymerized with vinyl formate in the presence of
zinc chloride. A clean polymerization was achieved at 0°C, using AIBN as
initiator and UV light. The polymer was alternating and also film-forming.
The formate groups can be hydrolyzed to yield a copolymer of vinyl alcohol
and acrylonitrile. The hydroxyl groups can be wused for further
functionalizatfon, for example couple with NLO for truly multifunctional
polymers.

The alternating copolymers of isobutylvinyl ether and methylvinyl ether
with acrylonitrile were also synthesized by using an 85/15 monomer feed
ratio. All these polymers also have high inherent viscosities and are film-
forming. Their piezo- and pyro-electric properties will be investigated.

CONCLUSIONS

Synthetic polymer chemists are capable of incorporating appropriate
dipoles in polymers in order to achieve the desired functional properties.
These dipoles can be placed in the main chain of the polymer or in the side
chains. Both second order NLO materials and piezoelectric materials require
aligned dipoles in the material. The former require a n-system to allow
light interference, while the latter can be observed in materials containing
small dipoles.

The physical properties of the polymers are important to allow
processing. The physical properties will determine the mechanical properties
of the material. The processing can improve both the mechanical properties,
but also the functional properties. Better dipole alignment can be obtained
by, for example, stretching the material.

In the synthesis of these polymers, there is a continuous struggle
between the physical properties and the concentration of dipoles in the
material. High dipole concentrations can be achieved, but with a detrimental
effect on the physical properties. A balance between maximum effectiveness
of the material in the desired functional properties and the mechanical
properties has to be sought.
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NATURE OF THE CHEMICAL BONDS IN POLYMER-SALT COMPLEXES:
RAMAN AND IR STUDIES
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ABSTRACT

Polymer electrolytes are attracting interest because of potential use in
*solid state™ batteries and electrochromic windows. In this work the nature
of the chemical bonds and ion association in polymer-salt complexes were
studied. The fundamental vibrational frequencies of LiCl0, were calculated
using valence force constants which are obtained from the Cl0, anion. The
calculated frequencies and the band assignments agree quite well with the
observed frequencies. Raman and IR spectroscopy were used to investigate
the interaction of Li* and 0104- with the PEQ chains. Lithium ion
interacted with the negatively charged oxygen of PED and 0104_ interacted
electro- statically with the positively charged hydrogens. The strong
electrostatic interactions induced changes in the intensity of the Raman
bands and IR absorption bands of the polymer. The Raman and IR spectra of
the polymer-salt complexes clearly show the existence of "free® ions, ion-
pairs and salt clusters at various concentrations of the lithium salt. The
maximum concentration of "free” ions deduced from the spectroscopy is in
excellent agreement with the salt concentration required to obtain maximum
ionic conductivity.

INTRODUCTION

Ion conducting polymers have been attracting a great deal of attention
due to their softness and ease of fabrication as thin film electrolytes for
various solid state devices {1-7]. The major focus has been to develop a
solid state battery of the type: alkali metal/polymer
electrolyte/intercalation compound. Attaining high ionic conductivity in
polymer-alkali metal salt electrolytes is a key to the success of this type
of device. A high concentration of "free" ions and a high skeletal mobility
of the polymer (low energy barrier of torsional motion) are important
factors in achieving high ionic conductivity. In order to dissolve a large
amount of salt, a salt with low lattice energy and a polymer with high
polarity and low torsional energy are needed. Among various polar polymers
the poly ethers are the most promising materials having the required
properties. Polyethylene oxide, (—CH2—CHQ—0—)n, and its derivatives are
known to dissolve a large amount of salt. In order to reveal the mechanisa

Mat. Res. Soc. Symp. Proc. Vol. 175. - 1990 Materials Research Society




62

of ion transport in polymeric electrolytes and to improve their properties,
the energetics of ion-associations in these systems have been studied.

Tonic conductivity, in general, is related to the number of charge
carriers (n), the charge of the mobile species (z) and the mobility of the
diffusing species (g) according to;

¢ = nzp (1)

The mobility of the *free® ion is closely related to the energetics and the
degree of interaction with the environment. The number of charge carriers
is proportional to the concentration of the dissociated salt.

The classical treatment of liquid electrolytes suggests the formation of
ion-pairs at high salt concentration and, above saturation, precipitation of
the salt. During ion transport in conventional liquid electrolytes, the
ions carry their solvation shell [8]. In glassy inorganic electrolytes,
assuming a rigid anion sublattice, ion tramsport occurs through a hopping
mechanism [9-10]). In polymeric electrolytes, ions can carry their solvation
shell only for a short distance, dictated by the flexibility of the skeletal
motion of the polymer.

In this work we study the vibrational motion of the PEO—LiClU4
complexes. Raman and IR spectra of the system at various salt/polymer ratios
were collected and the threshold of ion-pair formation was determined. A
normal mode analysis of LiClO4 was performed and the vibrational frequencies
of free ions and ion-pairs were obtained for comparison. The conductivity
of LiCl0,/PE0 at various salt/polymer ratios was measured and compared with
the concentration of "free" ions in the polymer.

EXPERIMEN' -:.

Polyethylene oxide with a molecular weight of 600,000 dalton (Poly
Science Inc.) was dissolved in spectroscopic grade methanol. Anhydrous
lithium percholorate (Alfa Products) was also dissolved in methanol.
Solutions of L10104/PE0 were made ranging from Li0104/PE0 = 1/150 to
L10104/PE0 = 1/2. Films of the Li0104/PEO complex were cast on a smooth gold
substrate and annealed in a vacuum oven at 76 °C for 10 hours. The
spontaneous Raman scattering was excited with the 488 nm or the 514.5 nm
line of the Ar’ ion laser (Spectra Physics model 2000). A polarization
rotator (SP model 310-21) mounted on the laser head was used to select TE
(S-polarized) or TM (P-polarized) components of the incident beam. Since
the sample did not absorb in the visible region, spectra obtained with both
excitation lines were identical. For reference and comparison, the Raman
scattering of a PE0 film on gold, of LiClO4 in the solid state, and of an
aqueous sclution of LiClD4 (where the polarization ratio for each
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fundamental was measured) were obtained under similar experimental
conditions (resolution and laser power). The resolution for Raman
scattering was 5 cm , and the laser power was ca. 100 mW. A Spex 1403
spectrometer interfaced with an IBM personal computer was used {11]. For
backscattering geometry, a Ramanor double monochromator with microscope
attachment was used.

IR spectra of the samples were collected in the diffuse reflection mode
with 2 <:m-l resolution. The IR spectrometer was an IBM-88 FTIR spectrometer
operated under vacuum. The sample was isolated from the atmosphere during
data collection using a special accessory. A liquid nitrogen cooled, broad
band MCT detector was used. The IR spectrum of anhydrous LiClO4 powder was
also collected in the diffuse reflection mode as a reference spectrum.

The conductivity of LiClD4/PED samples at various salt to polymer ratios
was measured at room temperature. A uniform film of the polymer-salt
complex was formed on Teflon coated stainless steel. The films were
annealed at 50 °C under vacuum for two hours. The annealed film was
sandwiched between two lithium disks (1.3 cm diameter). A nickel disk was
used ag current collector on each side of the polymer film. The polymer
film was under slight spring load to maintain uniform contact between the
lithium disks and the polymer films. The conductivity of the films was
measured at 1000 Hg using a GenRad 1689 precision RLC Digibridge.

RESULTS AND DISCUSSION

Normal Mode Calculations:

In this work the solid state equilibrium between the "free" ion and the
ion-pair according to:

Lit Cl0,” -------- Li*clo,”

is studied. In order to correlate the observed frequencies in the Raman and
the IR spectra, we calculate the fundamental normal mode frequencies for the
"free' percholorate ion (C10,7) and the ion-pair (Li*0104“).

The structural and spectral consequences of ion-pairing have been
studied recently for related salts: LiGlO3 (12] and LiND3 [13]. In these
theoretical studies a number of different geometries for each ion-pair were
analyzed in order to assign the observed spectra to the irreducible
representations of a specific symmetry point group of the molecular system.
In the L10104/PE0 system, the vibrational fundamentals of 6104- are
associated with the free ions and those of LiClO4 with the ion-pair.
Changes in the vibrational spectra of the PED give an indication of the
extent and location of the intermolecular interactions.




The Cl10, anion has a T, symmetry, and therefore there are nine
fundamentals in la, + le and 2!2 symmetry species. These give rise to a la
mode, a doubly degenerate le mode and two triply degenerate 2f2 modes. All
four frequencies were observed in the Raman, with a strong and polarized
band at 933 ca !, and three depolarized bands at 462 cm = (e), 627 ca) and
1102 co! (f5). This is in agreement with the values of 935, 462, 628 and
1102 en”! reported by Ross [14].

The most probable structure for the LiClO4 ion pair is a CSV symmetry
and, according to correlation tables for descent in symmetry, each f type
will generate an a, and an e symmetry species, while the a, and e of the Td
will correlate with identical species in the cSv group. Both symmetry
species are infrared and Raman active. There will be a total of 5
stretching vibrations: 3a, + le. The other 7 vibrations are bending,
including one linear bending of the Li-0-Cl in the C v molecule. The
vibrational modes of the "free’ 0104‘ and the ion pair LiClO4 are shown in
table 1.

Table - 1 Vibrational modes of *free’ 0104_ and ion-pair LiClO4

0104_ LiClO4
a, 934 vs a, 935 vs C1-0 Stretch
e 462 n e 463 o 0-C1-0 bend
a, 633 n 0-C1-0 bend
f2 627 m e 625 m 0-C1-0 bend
1102 w e 1104 w Cl-0 stretch
a, 1130 w Cl1-0 stretch
a, 546 w Li-0 stretch
e 427 w Li-0-Cl bend

A normal coordinate analysis of the ion-pair was carried out with
valence force constants transferred from the percholorate ion. The analysis
gave frequency values to be found in the following regions of the
vibrational spectrum; there were two high frequencies, an e frequency at
about 1104 cm ~, and an a, with a higher value predicted and two bands were
observed in the Raman scattering of the LiCl0, in the solid state, one at
1102 ca”} (probabiy a. e type), and a second at 1130 cn ) that would
correspond to the a, stretching vibration. A totally symmetric a
stretching vibration of the 0104_ group was observed at 933 cm ~. Two
frequencies in the 800-700 cm ~ region, which could be assigned to a pair at
833 and 623 cm_l, were also observed. A linear bending at about 350 cn_l,
and the Li-0 stretching at about 500 cm—l were predicted and observed. The
key frequencies that we used for the ion-pair therefore were at 623 and 633
ce  and for the "free" ion was at 623 cm .




Raman and IR Spectra of LiCl0,/PE0 Films:

In Fig. 1, the Raman scattering of the PE0 film with various
concentrations of the LiCl0, are shown. It was found that in the range of
concentration shown in the figure, there were only minor changes in the
frequencies and relative intensities of the PE0 Raman bands.

Li/PEQ = 1/ LL=488 nm

Li/PEO

Li/PEO

>

[

(7]

z

w

-

z Li/PEO = 1/32
Li/PEO = 1/130

PEO
400.0 700.0 1000. 0 1300.0 1800.0

WAVENUMBER

Fig. 1. Raman spectra of !’E0~Li.(71(:l4 films. The shaded
bands and the wavenumbers correspond to the salt

Following the vibrational assignment given by Tadokoro, et al. {15] to
PED, a small red shift of about 6 cm =~ was observed in the Raman band of the
scissoring CH, vibration for low concentrations of the salt up to LiClU4/PEO
= 1/32. A striking reduction in the overall Raman band intensities of the
PED was observed upon further addition of lithium salt to the polymer as
shown in Fig. 1. Notice that at the highest salt concentration the PED
Raman bands are barely discernible. This observation clearly indicates that
the Raman scattering cross section of the polymer has been drastically
reduced. The Raman scattering cross section of a chemical bond is directly
related to the change of the bond polariszability. Addition of salt to the
polymer apparently gives rise to a significant charge localisation in the
polymer bonds. Therefore, the covalent nature of the bond involved is
altered to a more ionic character. It should be pointed out that infrared
intensities may be increased by the localized charge and increased polarity




in the system, siuce they are proportional to the change of the dipole
moment for a particular vibrational mode. We observed that the intensity of
the IR bands increased substantially as a result of the addition of salt to
the polymer. These observations can be interpreted as the effect of a
strong interaction of the dissociated salt with the localized charge on the
polymer chain which alters the covalent nature of the chemical bonds in the
polymer to a more ionic bond. The involved chemical bonds therefore have a
higher dipole moment and lower polarizabilities.

At high concentrations of the salt, typical band broadening due to
strong intermolecular interactions were visible. Most notably, in Fig. 1,
the broadening of the bending vibration of the CCO group directly involved
in the Li’"...°" 0-C- interaction is very clearly demonstrated in the
frequency range from 1000 to 1600 cm ~. A similar band broadening was
observed in the infrared spectra shown in Fig. 2. The band broadening is
also an indication of the coexistence of the various closely related
vibrational energy states. The overlap of the vibrational energy states of
the polymer bonds with those bonds which have been modified by the salt
gives rise to the observed band broadening. The slight red shift of the
band position suggests a lower energy of the vibrational wodes, which is the
result of a weaker chain-chain interaction.

UPED = eie

L/PEQ = a7

Transmittanee

} It L L i
1000 veo o1 a0 s 00

Wavenumber (cm -t )

Fig. 2. IR spectra of PEO-LiClO4 films illustrating
the broadening of the CH2 bending modes with
increasing salt concentration.
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Our previous work also shows the reduction of chain-chain interactions
due to addition of salt to the polymer [16].

Figure 3 shows the Raman scattering doublet at 633-623 ca! for the
LiClO4 and the change in the intensities of the doublet as the solution of
LiClO4 in PED becomes more dilute. The doublet is a valuable qualitative
marker for the determination of the existence of ion-pairing. For instance,
at high LiClO4 concentration (LiClO4/PE0 = 1/2) both components of the
doublet are prominent in the spectrum, but at low concentration only the
lower frequency mode is evident.

Li/PEC = 1/16

Li/PEOQ = 1/2

INTENSITY

LiClOg

600.C 815.0 630.0 B845.0 680.0
WAVENUMBER

Fig. 3. Raman soectra of PE0-LiCl0, films in the 600-660 co !

region showing concentration dependence of the 623-833 pair.

Since both a, and e symmetry species are IR and Raman active, a similar
effect with concentration was observed in the infrared spectra as shown in
Fig. 4. Clearly, the doublet is associated with the presence of ion-pairs
(as_seen in the LiCl0,), while the "free® ion shows one single band at 623
cm . At a ratio of 1/8, the relative intensities of the 623 and 633 cm_
bands are reversed compared to the L10104/PE0 = 1/2 spectrum. At a
concentration ratio of 1/16 and lower concentrations, the doublet is reduced
to a single band with a frequency of 623 cm_l, close to the value of the f2
bending of the free ion. At the high LiClO4 concentration, LiClﬂ4/PE0 =
1/2, the full Raman spectrum of the ion-pair was observed, including the
1102 co”! and the 1130 ca! bands. The IR spectrm of LiCl0,/PE0 = 1/2
shows a band around 700 cm_l which is a characteristic of the LiCl0, salt
crystal. This band can be interpreted based on the precipitation of salt
clusters in the polymer matrix.
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Fig. 4. IR spectra of PEO—LiClO4 filws. Ion-pair formation
is illustrated by changes in the 627 cn ! band.

It is possible to use some other features in the vibrational spectra to
follow the "free" ion/ion-pair equilibrium. For instance, the most intense
Raman band of the ion pair is located at 934 cm_l. However, both the free
ion and the ion pair provide characteristic stretching vibrations of the
Cl0, group at this same frequency, which make the analysis much more
involved and adds no more insight.

In conclusion, the bands at 623 and 633 cm_1 indicate that free ions
were predominant in the films with Li0104/PE0 concentration as high as 1/8,
while ion-pair and salt aggregates are found at higher concentration ratios.

The conductivity measurements are shown in Fig. 5. The conductivity
reaches a maximum at a salt concentration of LiClO4/PE0 = 1/8. Also plotted
in Fig. 6 are the integrated intensities of the IR bands at 623, 833 and 700
cn™! as a function of the LiC10,/PEO ratio.
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Fig. 5. Conductivity of PE0-LiCl0, films at various
salt concentrations and the dynamics of the
"free ion, ion-pair and salt clusters.

This shows the relationship between the conductivity of the films and the
concentration of "free" ions. The maximum ionic conductivity occurs at the
threshold of ion-pair formation. It is interesting to note that conductivity
decreases with increasing salt concentration after the ion-pair formation is
apparent. This property is markedly different from conventional liquid
electrolytes. The ion association/dissociation equilibrium has a major role
on the mean free path of the ions in the polymeric media. (In the case of
polymer electrolytes, the mean free path of an ion refers to the distance in
which the "free" ion can travel before being involved with the counter ion
to form an ion-pair.) At low salt concentration the free ions are well
caged in the polymer and well separated from the counter-ions and the number
of available sites for the "free' ion in the polymer matrix is high.
Therefore, the "free" ion can travel among several sites before being
trapped in the effective coulombic field of the counter-ion. At high salt
concentration, however, there is only a limited number of empty sites
available for the ions and the probability of ion-pair formation is high.
This will reduce the mean free path of the "free" ions and as a result the
conductivity decreases.
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STUDY ON DIOPSIDE WHISKERS PRECIPITATION TYPE HYDROXYAPATITE

TORU NONAMI
TDK Corporation, R & D Center, 2-15-7 Higashi-Owada, Ichikawa-shi, Chiba-
ken, 272, Japan

ABSTRACT

A biomedical material for use as artificial bone and dental root is
provided which takes the form of a sintered composite body comprising a
Hydroxyapatite(HAP) and diopside whisker. The mixed powder of HAP and
diopside was heated to make this composite material. The sintering of HAP
and the precipitation of diopside whisker were examined, to find a method of
making them occur simuitaneously. Also, diopside was added to HAP and
sintering at 1200°C for 2hr., was done. As a result of these investigations,
diopside whisker of aspect ratio 1015 was formed. Moreover the intermediate
layer of Ca0-Si02-P205-Mg0 system was generated at the interface of HAP and
whisker, The bending strength of this sintered body was 300MPa and fracture
toughness was 3.2MPa.m'/2, These values were higher by about 2times or
3times than those of matrix HAP respectively. The increase in bending
strength was attributed to an increase in fracture toughness, caused by an
increase in fracture surface energy.

INTRODUCTION

HAP is a biocompatible material and has beer used as an artificial bone
or teeth material. However, the use range is otien limited because of low
mechanical strength, We investigated a composite HAP for whisker
reinforcement type 1in which whiskers are simultaneously grown during
sintering of HAP in order to overcome this disadvantage. As compared with
the addition of pre-formed whiskers it is advantageous to form whiskers
simultaneous with crystalline HAP as the matrix because the resulting
sintered body has improved toughness and strength due to the increased bond
between the whiskers and the matrix. The pre-formed whiskers prevent matrix
grain growth upon sinterirg and tend to induce strain. In order to make this
composite, the following technical points were considered.

(1) The whisker forming materials are preferably selected for biological
compatibility.

(2) Select HAP and whisker forming materials for sintering of HAP and
transforming into whiskers simultaneously without causing strain.

(3) Control the mutual reaction between HAP and whisker forming materials
to obtain an intermediate layer, at the interface of HAP and whisker,
which h~s a continyous gradient of concentration between HAP matrix
grains and whiskers.

(4) Keep the matrix grain size fine and density to a specific range by
Griffith equation[1].

EXPERIMENT

Fabrication of composite

HAP powder was synthesized by precipitation method. Diopside was
prepared by mixing composite powders (of composition Si02, CaC03, Mg0). The
composition was calcined in air at 1100°C for 2hr. Added 20wt% diopside to
HAP and milled in a ball mill for thr., The collected cake was dried at 120°C
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for Shr. and a portion of the cake was then molded under a pressure of
30MPa. The compacts were heated in air at 1100 1300°C for 2hr. The obtained
composites were sectioned and observed under an electron scanning microscope
to determine their whisker amount, matrix grain size, whisker length, and
whisker aspect ratio. Crystals precipitated were 1dentified using a powder
X~ray diffraction method (XRD). The concentration of Si, Ca, P and Mg was
measured using a scanning transmission electron microscope (STEM). HAP disks
were fabricated by hot-isostatically pressing at 203MPa and 1000°C for 2hr,
in argon.

Density of composite

Density of the composite was measured 1in water using Archimedean
technique.

Measurement of Mechanical property

Bending strength was measured by three-point bending method on ten test
specimens of 3 by 4 by 40mm with a span of 36mm and a crosshead speed of
0.5mm/min. Fracture toughness KIC was measured by three-point bending method
on notched-beam specimens of 3 by 2 by 25mm with 15mm span at crosshead
speed of 0.5mm/min. Four specimens were tested to get on average of data
points. Young's modulus and Poisson's ratio were measured on rectangular
bars (80 by 2 by 20mm) using ultrasonic pulse echo method.

RESULTS AND DISCUSSICN

Selection of Whisker Forming Material and HAP

Whisker forming materials which can convert into whiskers under
sintering condition are selected from the group consisting of calcium
silicate, aluminum silicate, aluminum silicate calcium, calcium silicate
magnesium, calcium aluminate and magnesium silicate systems which are
nontoxic. Then anorthite, diopside, wollastonite, monticellite and mullite
were selected on the pretext that they can convert into whisker easily upon
sintering. Finally we selected diopside for whisker forming material, which
can convert into whisker at about 1000 ~ 1300°C, and be simultaneously grown
during sintering of HAP, To affect the sintering of HAP and the
precipitation of whisker simultaneously, we investigated the sintering
temperature of HAP and diopside. The sintering temperature was determined by
compacting a material to a density of 1.4g/cm3, t“eating the compact at a
rate of 20°C/min. by means of a thermodilatometer, and measuring the
heating temperature at which a shrinkage factor of 57 was reached. The
sintering temperature of HAP is variable according to the BET value (Fig.1).
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The sintering temperature of diopside is variable ac < 4ina to the calcined
temperature and composition. Table I. shows the pr :rties ¢ -omposite body
according to the sintering temperature of HAP and «..ps 'e. frrom Table I. ,
diopside preferably has a sintering temperature higher by i00 “C to 300 °C
than the sintering temperature of HAP, HAP is sintered in an carlier stage
where the whisker component has not been activated. Conseq.< tly, the
whisker component 1is unlikely to diffuse into matrix in Lhis stage. I[f
diffusion occurs in this stage, the composition will change anc whisker will
not form. This is avoided by controlled diffusion of the whisker component
in the early stage. There are possibilities that the few matrix is sintered
earlier than necessary, and premature sintering of the matrix prevents
whisker from precipitating or causes precipitating whisker to be largely
stressed. To obtain an intermediate layer between whiskers and matrix,
control the chemical reaction between whiskers components and matrix
components., Provision of an intermediate layer improves the bond between
whiskers and grains also contributing to strength and enables energy control
of the interface between whiskers and matrix grains. We investigate the
reaction between HAP and diopside. We did the model experiment of diffusion
of diopside components to HAP. Table II. shows diffusion constants of Mg and
Si from the results of analysis of interface under an electron probe
microanalysis (EPMA). The diffusion constant[2] of Mg and Si are increased
by an amount of Mg0. From these results, mutual reaction between HAP and
diopside are controlled by the proportion of MgQ in diopside. Table III.
shows that Ca/P atom ratios of HAP are effective in the reaction between HAP
and diopside. When Ca/P atom ratio is 1.60, HAP changes into tricalcium-
phosphate, at the same time diopside changes 1into wollastonite. These
resulte  suggest if the Ca/P atom ratio is less than stoichometry
(Ca/P=1,67),there is some likelihood that part of whisker-forming materials
would form a solid solution with HAP, inducing a change in the composition
of whisker, As a result, whisker might not fully precipitate. In the case of
HAP, part of diopside components might form a solid solution with the HAP to
form tricalcium phosphate. When the Ca/P atom ratio is more than 1,67
ctoichometry, there 1is no change. But in grain boundary it is considered
that there are Tittle mutual reaction between HAP and diopside. From these
results, we can obtain on ideal intermediate layer if we control the
components of diopside and Ca/P atom ratio of HAP. The 1ntermediate layer
w11l contain the common elements of both HAP and diopside, and have a
continyous gradient of concentration like Fig.2.

Table [. Sintering temperature of HAP and diopside, and the properties of
composite body.

HAP Diopside Heated Properties of Composite
BET Sintering Composition Calcined Sintering _Temp, Crystal Whisker
(m2/q) Temp. *1 Temp, Temp. (°C) phase *2 forming
(°c) (°C) ("0
120 900 A 1100 1330 1350 H D not formed
85 950 B 1100 1280 1300 H D not formed
85 950 C 1100 1250 1300 4 D formed
70 1050 C 1000 1050 1200 T W not formed
65 1070 C 1100 1250 1260 H D formed
35 1220 C 1100 1250 '300 T W not formed
*1 A-5102 55.2wtZ Ca0 24.6wt?% Mg0 20.2wt?% #2  D-Dropside
B-5102 55.8wtZ Ca0 26.0wt% Mg0 18.2wt? H-HAP
C-$5107 62.5wt% Ca0 23.3wt% MgO 14,2wt?l T-Tricalcium-phosphate

W-Wollastonate
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Table II. The diffusion constants of Mg and Si.

Diopside Diffusion constant
components{wtZ)
Mg Si
Si0z Ca0 Mg0 (x10-%cm2/s) (x10-%cm2/s)
62.5 23.3 14.2 1.2 0.9
52.4 30.3 17.3 1.4 0.9
55.2 24.6 20.2 3.3 2.0

Table I11. Ca/P atom ratio of HAP and the properties of composite body.

HAP Diopside Heated Properties of composite
BET Ca/P  Composition Temp. Crystal Whisker

(m?/q) * (°C) phase *2 forming
65 1.60 C 1250 THWDO not formed

65 1.67 C 1250 H D formed

65 1.71 C 1250 H D formed

*1  C-Si02 62.5wtZ Ca0 23.3wt7 Mg0 14.2wtZ #2 D-Diopside
H-HAP

Diopside

HAP

[nitial stage

T-Tricalucium~phosphate
W-Wollastonite

Diopside

Wollastonite

Intermediate
layer

Final stage

Ca0+Mg0+25i02 + Ca0+Si02 + Mg0 +Si02 (1)

Ca010(P04)6(0H)2 + xMg + 3(Ca1-x/9,Mgx/8)3(P04)2 + Ca(1.x)0 + H20 (2)

Ca010(P04)6(0H)2 + xSi02 + yMg0 + Ca0-Mg0-P205-5i02 (3)

Fig.2 Expectation

of mutual reaction

between HAP and diopside 1n grain boundary.
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Fabrication and microstructure of composite

Diopside of composition Si02 62.572, Ca0 23.37%, Mg0 14.27 in weight
percent was used (stoichometry composition Si02 55,57, Ca0 25.97%.Mg0 18.67).
HAP of Ca/P atom ratio in 1.67 and BET values of 65m2/q was used. We added
diopside powder (20wtZ) to the matrix HAP and heated it in air at 1230°C for
2hr. The microstructure of this composite (HAP-diopside) are shown in Fig.3.
Matrix grain size was 2 v4um, the length of which was 4 v8um, and the aspect
ratio was 10 v 15, The result of a transmission electron microscope
examination is shown in Fig.4. There are intermediate layers (Ca0-Si02-P20s-
Mg0 system) in the grain boundary, A little HAP changed into tricalcium
phosphate (including Mg), and a little diopside changed into wollastonite.
They were generated by mutual reaction between HAP and diopside.

Fig.3 Scanning electoron
micrographs of HAP-diopside
specimens.
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Table IV. Mechanical properties

Of E KIic v o] c Y
(MPa) (GPa) (MPaem'/2) (g/em?)  (um)  (I/m?)

HAP 103 47 1.2 0.26 3.16 22 14
HAP-diopside 300 83 3.2 0.21 3.13 30 59

Mechanical properties

Bending strength (o;), fracture toughness (Kic), VYoung's modulus (E),
Poisson's ratio (v) are shown in Table IV. It was found that the bending
strength and the fracture toughness for the composite (HAP-diopside) were
higher by 2times and 3times than those of the HAP. The bending strength is
expressed as a function of the fracture toughness and critical flaw size ¢
given by the following equation{3].

op=K1c/Yec1/2 (1)

(Y is a dimensionless crack geometry constant[4].) Using this equation, the
critical flaw size ¢ is shown in Table IV.3ince the critical flaw size ¢ for
HAP-diopside 1is 1larger than that of HAP, the increase in bending strength
caused by the whisker is attributed to the increase in fracture toughness.
The fracture surface energy was calculated by the following equation{5].

Kre=[26y/(1-v2)] /2 (2)

The surface energy was calculated by this equation and is shown in Table IV.
Young's modulus and fracture surface energy for HAP-diopside are higher by
about 2times and Stimes than those of HAP, And hence the higher fracture
toughness KiC for HAP-diopside is attributed mainly to the increase in the
fracture surface energy. We considered it was caused by crack deflecting and
puilout of whiskers.

CONCLUSION

The sintering of HAP and the precipitation of diopside whisker were
examined, to find a method for making them occur simultaneously. The BET
value of HAP was 65m?/g, and the composition of diopside was Si02 62.5%,Mg0
14.2%, Ca0 23.3%., This was selected to control the reaction of HAP and
diopside and obtained diopside whiskers precipitation type HAP composite.
There were Ca0-5i02-P205-Mg0 system intermediate layers between HAP and
whiskers, Matrix grain size was 2 ~ 4um, the length of whisker was 4 ~ 8um,
and the aspect ratio was 10 ~ 15, The bending strength 300MPa, and the
fracture toughness 3.2MPa+m'/2 are higher by about 2times or 3times than
those of HAP. The increase 1in bending strength was attributed to the
increase in fracture toughness caused by the increase in fracture surface
energy. It was consydered the increase in fracture surface energy was caused
by whisker pullout and crack deflecting.
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MULTIFUNCTIONAL MOLECULAR AND POLYMERIC MATERIALS
FOR NONLINEAR OPTICS AND PHOTONICS

PARAS N. PRASAD

Photonics Research Laboratory, Department of Chemistry, State Unjversity of
New York at Buffalo, Buffalo, NY 14214

Molecular units in natural systems are multifunctional in that they
exhibit more than one functionalities. This is nature's way of economizing
and being efficient. For many technological applications, there is a need
for synthetic multifunctional materials which simultaneously exhibit many
necessary physical and chemical properties. By appropriate modification of
structures both at the molecular and bulk levels, one can incorpcrate such
multifunctionality in molecular and polymeric systems. Our research program
focuses on investigations of multifunctional materials for applications in
photonics. Photonics describes the emerging new technology in which a
photon instead of an electron is used to acquire, process, store and
transmit information.

Photonics has many distinct merits over electronics. The most
important advantage is the gain in speed; this results from the fact that a
photon travels much faster than an electron. Also, in photonic circuitry
one can use three-dimensional connectivity to produce smaller integrated
optical chips. Other advantages are: that there is no electrical or
magnetic interference; that the photonic circuits are fully compatible with
existing fiber optic networks; and that remote sensing and space
applications are possible. Furthermore, there are new applications of
photonies, such as sensor protection against laser threats, that are not
achievable from electronics alone.

For optical switching required for optical processing of information
one needs to use nonlinear optical effects that allow the manipulation of
light propagation by application of an electric field or a laser pulse. In
addition, nonlinear optical effects also give rise to a freguency
conversion, such as frequency doubling for high density optical data storage
and image analysis.

We have developed a very comprehensive research program in the area of
nonlinear optical effects in organic materials. This program covers
microscopic theory nf optical nonlinearity, design and synthesis of novel
structures, materials processing for guided waves, measurements of optical
nonlinearities and study of device processes. First, we briefly rresent our
accomplishments in each category. Then we describe our research effort in
producing heterostructure systems for applications in photonics.

Theory

We have used both classical anharmonic oscillator approach as well as
ab-initio calculations to understand the microscopic nature of optical
nonlinearities in organic structures. Our ultimate gnal is to understand
the structure-property relationship so that one may be able to predict
structures with enhanced optical nonlinearities. The focus of our work has
been on third-order optical nonlinearity.

We developed a simple model of coupled locally anharmonic oscillators
which can be used to describe the optical nonlinearities in conjugated
organic monomeric, nligomeric and polymeri~ structures [1]. This method can
very readily be used to explain the depsndence of the band gap, the linear
polarizability, a, and the second hyperpolarizability (microscopic third-
order nonlinear optical coefficient), Y, on the number of repeat units for
the onligomers of thiophene and benzene. The results predicted by the
rcoupled anharmonic nscillator model are in gnod agreement with those of the
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experimental studies on thiophene and benzene oligomers recently reported by
our group.

Static polarizability and second hyperpolarizability tensors have also
been computed for a series of polyenes, polyynes and cumulenes by ab initio
SCF theory {2-6] using the finite field (FF) calculations in which a
polynomial fit of either energy or induced dipole moment as a function of
field strength was conducted. Fully coupled (FF) and uncoupled (SO0S) ab
initio SCF calculations, using identical small basis sets, were found to be
in reasonably good agreement for linear polarizabilities but not for the
hyperpolarizabilities (nonlinear optical coefficients). Diffuse orbital
basis funections are required for qualitatively correct hyperpolarizabilities
of small conjugated w systems. We have used a corresponding orbital ’
analysis to separate the ¢ and w electron contributions to optical
nonlinearities. The n-electron contribution dominates the optical
nonlinearity. Polarizability and second hyperpolarizability are given by
the first and third derivatives, respectively, of charge density with
respect to field strength. A contour map of the first derivative density
for an acetylenic chain is nearly periodie, corresponding to localized
polarization of individual triple bonds. A map of the third derivative
density does not exhibit this feature, corresponding to longer range charge
shifts induced by the applied electric field.

With a goal to investigate the role of heavy atoms in determining
optical nonlinearities, we have conducted (7] ab-initio calculations of
polarizability, a, and first and second hyperpolarizabilities, 8 and Y for
the haloform series CHX, where X = F, Cl, Br, and I using the Effective Core
Potential (ECP) approacﬁ. The microscopic optical nonlinearities a, 8 and Y
were calculated as the derivatives of the energy with respect to the
electric field, with the energy determined by means of the Self-Consistent-
Field approach (SCF), and nonlinearities calculated in the static field
limit by means of the Coupled Perturbed Hartree-Fock (CPHF) formalism. To
test the usefulness of the ECP method, nonlinear optical responses for the
lighter members of the series, CHF3 and CHCl,, were computed by using both
all electron and ECP calculations.” The resu%ts are compared, and are found
ebe in excellent agreement., The effects of various basis sets and
inclusion of diffuse and polarization functions are also examined to select
a basis set which gives a good description of optical nonlinearities. The
ECP technique is, then, used to calculate optical nonlinearities for CHBr
and CHI,. Although a very good agreement was found between the calculateé
and expérimental polarizabilities for the haloform series, a rather poor
agreement was obtained for the higher order polarizabilities.

In order to examine the importance of electron correlation, we
conducted an ab-initio calculation of polarizability and second
hyperpolarizability for the benzene molecule including electron-electron
correlation [8]. The finite field method was used. For each selected
strength of the applied electric field the energy of the benzene molecule
was calculated using the Self-Consistent Field method (SCF) as well as with
its Moeller~Plesset correction in the second order (MP-2). Then the
microscopic optical nonlinear responses were calculated by fitting both the
SCF energy and the MP-2 energy to a polynomial in the field strength. We
found that electron correlation significantly enhances the second
hyperpolarizability. For the polarizability, our computed value showed an
excellent agreement with the experimentally measured value. For the second
hyperpolarizability, the computed value using MP-2 energy showed a
reasonuble agreement with that reported by the Electric Field Induced Second
Harmoni~ (EFISH) generation but a poor agreement with the result of
Degenerate Four Wave Mixing (DFWM). In conclusion, our theoretical work
suggests that current computational studies do not provide a quantitative
description of optlical nonlinearities, especially the third-order effect.
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Design and Synthesis

Our effort under this topic has been focused on making sequentially
built and systematically derivatized structures with an objective that
measurements of optical nonlinearities on these compounds will yield an
insight into structure-property relationship. To investigate the dependence
of the microscopic third-order optical nonlinearity Y on the number of
repeat units, we prepared the a-trimer, tetramer, pentamer and hexamer of
thiophene (I):

tO1, tO1:

thiophene oligomers X, Y = NO
X 2
I II

The dependence of both a and Y on the number of repeat units N was measured
and compared with theoretical predictions [9]. A satisfactory agreement was
found.

To examine the effect of systematic derivatization, structures II were
prepared and measurements were made. We also prepared the following
derivatized structures.

H
)
00O OO0
The measurements of a and Y were made [10]. A comparative study was used to
determine the effectiveness of the phenyl, thiophene and pyrole rings in
determining Y.

Another group of compound we have made and are currently investigating
is based on rigid cumulene structures III.

X>C(_—_ C)/Y
x' '\Y'

III
We have made structures with N = 3 and 5, X = X' = Y = Y' = @ .

In order to examine the role of a metal in a conjugated structure we
have prepared several higher oligomers of ferrocene and investigated their
optical nonlinearities {11]. Our study indicates that the conjugation does
not really carry through the metal. The Y value appears to be determined by
the w-conjugation through the organic segment.

Materials Processing

The research under this category has focussed on the preparation of
optical quality films and characterization by using structural and
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spectroscopic techniques. Ultrathin films with a monolayer resolution have
been prepared using both the Langmuir-Blodgett methcd and the
electrochemical polymerization techniques [12-18]. 17Thin films of optical
waveguide dimensions were made by using solution casting techniques such as
spin-coating and doctor blading [19,20]. To a very limited extent vacuum
deposition has also been used. The objective has been to improve on the
optical quality of these films for guided wave or surface-plasmnn nonlinear
optics.

Molecular assemblies prepared by the Langmuir-Blodgett technique
provide useful structures to probe structure-property relationships for
nonlinear optical processes. We developed a comprehensive research program
in which we studied the Langmuir-Blodgett films of optically nonlinear
organic structures. The films were carefully characterized by a variety of
surface and spectroscopic techniques. Both second and third order nonlinear
optical processes were investigated.

One specific example is that of polythiophene. Monolayer film
formation at the air/water interface was investigated for both
electrochemically and chemically prepared poly(3-dodecylthiophene) using
surface pressure-molecular area isotherms [16]. Only the electrochemically
prepared polymer formed a stable monolayer, which was successfully
transferred using the horizontal lifting method. The transferred Langmuir-
Blodgett films were characterized by u.v.-visible spectroscopy and quartz
crystal microbalance measurements. We have also found strong third-order
nonlinear optical response from the Langmuir-~Blodgett films of poly(3-
dodecylthiophene).

Experimental Study of Nonlinearity

For experimental study of third-order optical nonlinearity we
extensively use the method of femtosecond degenerate four wave mixing. This
method has the advantage that one can obtain information on both the
magnitude and response time of optical nonlinearity. With a goal to
understand the structure-property relationship for third-order microscopiec
optical nonlinearity, we have investigated the nonlinearities of a number of
sequentially built and systematically derivatized n-conjugated structures
using degenerate four-wave mixing. An example is the thiophene oligomers.

A systematic study of the dependence of the band gap, the linear optical
susceptibility, the polarizability a, and the second hyperpolarizability v,
on the number of repeat unit was conducted for the thiophene series from
monomer to hexamer [9]. The experimental values of <a> and <Y> for
thiophene and <a> for bithiophene are iound to be in qualitative agreement
with those obtained by a recent ab initio calculation which used the finite
field method and included diffuse polarization functions. The
experimentally observed dependence of <a> and <Y> on the number N of the
thiophene repeat unit is in agreement with that predicted by the ab initio
calculations,

We have also investigated the nonlinear response of many conjugated
polymers unoriented as well as stretch oriented. The third-order nonlinear
optical susceptibility was investigated at wavelengths of 602 and 580 nm for
a2 10:1 stretch-oriented uniaxial film of poly (p-phenylene vinyleneEBSSing
femtosecond degenerate four wave mixing [21]. A relatively large X(3) with
a subpicosecond response was observedta)A large ag}sonropy in the x 37 value
was found, the largest componeni of ( = 5X10 esu) being along the
draw direction. This is in agreement with theory which predicts the largest
component of Y along the polymer chain.

Electronically resonant third-order optical nonlinearity in several
photoresponsive polymers were studied by picosecond and femtosecond
degeneracve four-wave mixing to investigate the role of photoexcited charge




carriers [22-25]. Both the magnitude and the response time of the observed
optical nonlinearities seem to vary over a wide range.

An jinteresting example is poly(3-dodecylthiophene). The electronically
resonance enhanced third-order opti?g} sugseptibility of undoped poly(3-
dodecylthiophene) was found to be ~10 esu, large enough to allow the
first reported observation of a degenerate four-wave mixing signal from
ultrathin Langmuir-Blodgett films of this material [16]. Despite the
resonant character, this nonlinearity exhibits femtosecond response. 1In
situ iodine-doping studies of UV~Visible absorption, electrical conductivity
and third-order nonlinear optical susceptibility were carried out. Upon
doping3)the conductivity changed by more than eight orders of magnitude but
the value decrearcad to within Egg percent of the original value.

We also studied the resonant x behavior of Langmuir-Blodgett films
of several phthalocyanines [4,12,13]. Again, the nonlinearity was
sufficiently large to observe the(gﬁgenerate_gour-wave mixing signal even
from a monolayer. The value of y is > 10 (3?su with response being in
several picoseconds. Both the magnitude of and the decay of the signal
was found to be dependent on the laser intensity. We assign the intensity
dependent decay to the presence of bimolecular procéesses (exciton-exciton
annihilation) [13].

Device Processes

Our study under this category focused on the investigation of nonlinear
optical processes in waveguides and fibera. We reported the first clear
demonstration [26] of intensity-dependent phase shift due to electronic
nonlinearity in a nonlinear polymer waveguide in which prg?agation distances
over 5 cm were achieved with total attenuation of ~1.2 em . Intensity-
dependent coupling angle, intensity-dependent coupling efficiency, and
limiter action behavior (useful for power limiter sensor protection devices)
were observed in the polyamic acid waveguide using grating excitation with
400 fs, 80 ps, and 10 ns pulses. A nonlinear grating coupler analysis
identifies the subpicosecond and picosecond processes with elecronic
nonlinearity, but the dominant effect in the nanosecond experiment is due to
thermal nonlinearity derived from weak absorptions. The magnitude and sign
of n, of electronic nonlinearity were determined from this study.

Novel Electroactive and Nonlinear Optical Heterostructures

In this section we discuss some of our very recent accomplishments in
producing novel heterostructures for applications in electronics and
photoniecs.

(a) Crystalline complexes for efficient frequency doubling.

For high density optical data storage, there is a need for highly
efficient frequency doubling materials. Organic molecules in which an
electron donor group is separated from an electron acceptor group by a mn-
electron structure have shown large second-order nonlinearity for frequency
doubling. These structures often do not offer wide optical transparency
because of the presence of low lying w-n* transition. We have developed new
heterostructures which are binary crystalline complexes that show second-
order nonlinearity ranking among the highest. These crystalline complexes
do not possess the structural features discussed above that have been used
in the past for the design of second-order nonlinear material. This new
class of material does not rely on n-conjugation and, therefore, offers
challenge for developing theoretical models to explain their nonlinearity.




For technological applications we have obtained highly efficient phase-
matched frequency doubling in our heterostructures.

(b) Sol-gel silica-polymer composite for integrated optics.

For photonics application, optical waveguides would be an important
part of an integrated optical circuit. Conjugated organic polymers
constitute an important class of optical materials because they have shown
large, nonresonant (non-absorptive), optical nonlinearity with fast response
time in the sub-picoseconds regime. In common with most organic polymers
however in their pure state, these materials have generally not been found
to form good photonic media for optical waveguiding “ecause of typically
high optical losses. Conversely, many inorganic glasses, including silica,
form excellent photonic media because of the extremely low optical losses
achievable, A major problem(gith such glasses is that their optical
nonlinear coefficient e.g. x , the third order nonlinear coefficient, is
extremely low. There exists a need for a material combining high nonlinear
optical coefficients with high optical quality.

We have prepared to our knowledge the first compatible blend between an
inorganic polymer, silica glass, and a m-conjugated optical nonlinear
polymer, poly (p-phenylene vinylene), homogeneously mixed over large
composition ranges {27,28). This composite material was prepared by
combining sol-gel processing techniques applicable to the silica glass with
the preparation of the organic polymer from a water/alcohol soluble
sulfonium salt precursor. The organic polymer precursor and the inorganic
sol were mixed in a common solvent and ~onverted to the final composite
material. The thermal conversion of the organic precursor polymer released
HC1 which also catalyzed the inorganic sol. The composite material has been
characterized by IR, UV-visible spectral analysis and thermogravimetric and
differential scanning calorimetric analysis. We have investigated the
third-order nonlinearity in this system using femtosecond degenerate four
wave mixing and have observed response in less than 100 femtoseconds. The
material can be cast into various forms. Thin films cast by the doctor
blading technique exhibit good optical quality. We have achieved optical
waveguiding at 1.06 y in a film of this composite material.

(c) Nonlinear optical processes in a liquid core hollow fiber.

In optical processing, optical amplification and pulse shaping will
play important roles, We have observed novel nonlinear optical phenomena in
an organic liquid core hollow fiber which can conveniently be used for
optical amplification and pulse shaping [29-31). By using a long
interaction length (250 cg? provided by the fiber we have observed novel
superbroadening (> 200 em )} of stimulated scattering added on the Stokes
side of che pump (Rayleigh) line and the stimulated Raman scattering lines
of several anisotropic liquids (eg benzene). To explain these effects, we
have proposed a photon scattering model of Rayleigh-Kerr optical effect and
Raman-induced optical Kerr effect.

The microscopic picture of the elementary scattering process of optical
Kerr effect can be described as follows: a molecule (scattering center)
receives an additional energy through the annihilation of an incident photon
and simultaneous creation of a red-shifted photon, then the molecule
exhausts this additional energy to overcome the rotational viscosity and to
do the reorientation work within the liquid. Depending on the initial and
final location of the scattering molecule in its eigen-energy levels, the
elementary scattering can occur in two possible ways. If the scattering
molecule always stays in the same electron-vibrational ground level at the
beginning and end of an elementary process, a red-shifted photon will be
observed on the Stokes-side of the pump line. This is the Rayleigh-Kerr
scattering which corresponds to the ordinary optical Kerr effect. In the




85

other case, if the induced reorientation is accompanied by a transition of
scattering molecule from the initial ground level to a higher electron-
vibrational level, a red-shifted photon can be observed on the Stokes-side
of a Raman line, This is the Raman-Kerr scattering which corresponds to the
so called Raman-induced Kerr (reorientation) effect.

Since molecules in a liquid have a continuous initial orientation angle
distribution a great number of elementary scattering processes from
different molecules would lead to a continuous red-shifted spectral
distribution on the Stokes-side of the pump line and/or Raman lines.

For device applications, we have demonstrated the application of this
broadening in high gain amplification of a broad band optical signal [31].
For this purpose a hollow core fiber system filled with liquid benzene was
used., Using 4 picosecond dye laser pulses_?s the pump source, stimulated
amplification of the accompanying = 550 cm broad spgntaneous emission was
achieved with an amplification factor reaching 2.3x10 .

(d) Langmuir-Blodgett film heterostructure

Poly-n-vinyl carbazole is a photoconductive polymer which has been used
for xerography. We have been successt'ul in making Langmuir-Blodgett film
heterostructures of poly-n-vinyl carbazole: TCNQ-C18H3 which exhibit
charge transfer interaction in monolayer films. These %ilms have the
advantage that they provide monolayer and successively deposited multilayer
structures. We have successfully transferred such moriolayer and multilayer

Langmuir-Blodgett films and characterized them by various techniques.
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ABSTRACT

The third order optical susceptibilities Xi?il(—3w @,

w, w) for soluble metallophthalocyanine derivatives were
determined by optical third harmonic generation measurements of
molecularly doped polymer films at a wavelength of 1907nm. The

X(3) value of tetra-tert-butylvanadylphthalocyanine is larger

than that of metal-free derivative. We demonstrate experiment
on modes of propagating light wave in molecularly doped films
which exhibit excellent optical quality. The enhancement of

third order optical nonlinear susceptibilities in phthalocya-
nine compounds are discussed in terms of molecular structure
and molecular packing.

INTRODUCTION

Recently it has been recognized that organic materials
have extremely large optical nonlinearities and ultrafast
responses which are due to delocalized m-electrons. Conju-
gated linear chains such as polydiacetylenes(PDA) possess very
large third order nonlinear optical susceptibility (X(s)(~3w;

W, W, w)=8.5x10'10esu) as reported in both theoretical and
experimental pioneer works([1]{2]. In linear chain structures,
the major contribution to the microscopic third order optical
susceptibility 71‘jk1(""4 Wy, Wag, a)3) is the dominant chain
axis component ¥y xxxx('“’4 Wy, Wo, a)3) with all electric
fields aligned along the chain axis (x-axis). By moving from
linear to cyclic conjugated structures, one may open new tensor

components such as vy yyyr ¥ xxyy Y xyxy' T xyyx' Y vyxx' Y yxyx
and Y yxxy [3]. Furthermore nonlinear optical properties of
conjugated cyclic chains are investigated for their secondary
properties such as thermal and chemical stabilities and for
processabilities.

Among macrocyclic conjugated compounds, metallophthalocya-
nines are well-known to show various optoelectronic responses
[4]. We have already reported that vanadylphthalocyanine(VOPc)
has a large third order nonlinear optical susceptibility
(x3)(-30; 0, w, w)=10"10%sy at a wavelength of 1907nm)

[4115]). This value is almost the same magnitude of x(3) of
PDA. A compound which has excellent solubility in various
organic polymers will provide excellent processability to
obtain thickness-controlled thin films by conventional spin
coating technique. Metallophthalocyanine compounds with pe-

a)Permanent address: Department of Physics, University of Penn-
sylvania, Philadelphia, PA 19104
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ripheral substitution on each phenyl ring are highly soluble in

organic solvents. Among various substituent groups, tert-
butyl, trimetylsilyl and sulfamide groups seem to give the
highest solubilizing effect on phthalocyanine materials(6]. In

the present work the tert-butyl group is chosen because alkyl
groups are well-known to have very little effect on the elec-
tronic properties of a chromophore.

In this paper we report optical third harmonic measure-
ments of molecularly doped PMMA films of soluble phthalocya-
nines and discuss the enhancement of third order optical sus-
ceptibilities in phthalocyanine derivatives. -

EXPERIMENTAL
Materials

Teira-tert-butylphthalocyanines { M : H2(metal—free), \'(e]]
(TBHch. TBVOPc) were synthesized according to Scheme 1 [6]{7].

The materials were thoroughly purified by column chromatography
on silica gel using chloroform as an eluent, followed by pre-
cipitation from chloroform to methanol. Characterization was
made by IR, H-NMR, FD-MS and elemental analysis. Optically
transparent films contalnlng TBHZPc or TBVOPc in polymethylme-
thacrylate (PMMA:Mn=3. 1x104 ) were obtained by spin coating of
chloroform solutions onto a fused silica substrate. Refractive
indices of thin films are measured by ellipsometry and mode-
lines methods.

\ 7/
(1) VCl, "
t-Bu N
CN  “{2)NaOH(aq) HCI(2q) e 7 Y
tBu —— || NeeMeen — tBu
N =N
(2) MeOH _

\l / M:H VO
e [Hy:TBH,Pc}
{VO:TBVOPc)

Scheme 1. Synthesis of tetra-tert-butyvlphthalocyanine compounds

THG measurement

Optical third harmonic generation measurements were per-
formed at a wavelength of 1907nm under the vacuum of several
Torr. in order to eliminate the effect of air. A fundamental
wavelength (1064nm) of Q-switched Nd:YAG laser was converted to
1907nm by Stokes-~Raman shift through high pressure hydrogen
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cell. The transmitted third harmonic (635.7nm) was selected by
a monochromator and detected by a photomultiplier tube (PMT).
The signal from PMT was integrated by a boxcar triggered in
synchronizing with 1lsser. All experimental operations were
controlled by a microcomputer.

RESULTS AND DISCUSSION

Absorption spectra

TBHypPc or TBVOPc having a peripheral bulky substituent on
each phenyl ring showed excellent solbilizing effect and 1is
possible to form thin films by spin coating technique. Those
films exhibit electronic transitions in the visible region (Q
band at 600-800nm) and in the near UV region (Soret band at

300-400nm), as shown in Figure 1. In the near IR region
(1907nm) there is no absorption. The absorption, however, can
not be negligible at third harmonic. In general it has been

pe tnted out that Q band attributed to wm—m* transition is
sensitive to environment of molecules such as orientation and
packing of phthalocyanine's ring. Bathochromic or hypsochromic
shift in the visible region arising from different morphology
is reported on metallophthalocyanines such as Hch and VOPc
[81[9]. Absorption peaks of TBHyPc and TBVOPc films were ob-
served at 612nm and 704nm in Q band, respectively. The corre-
lation between absorption coefficient at each peak wavelength
and weight ratio of the phthalocyanines in PMMA is linear as
shown in Figure 2. Also no shift of peak position was observed
under these conditions.

x 10 "4 (em*})

1 T T | . i I
—37 7.0+ Ql
3 E C TBH2Pc at 612 nm a|
w . I O TBVOPC at 704 nm -
[*] z Pay !
z W e} |

-] G s.o-
g 5 |

u
0 _ ;
o ] 2 B
« z I
[~] —_
= 3.0 0 :
{ i a I
- & A .
1000 1500 2000 & - =
WAVELENGTH (nm) 2 i
w- 8 _;
Figure 1. Absorption spectra of tetra- . . 'l
tert-butylphthalocyvanine filns: ° 20 40 60 8o 100
————— , TBH3Pc ; <wccmme--- » TBVOPc. WEIGHT RATIO (wt%)

Figure 2. Absorption coefficient and weight
ratio of tetra~-tert-butyvlphthalocyvanines
in PMMA.
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Nonlinear optical propertijes

The typical results of rotational THG Maker fringes are
shown in Figure 3. The interference fringe pattern of a fused
silica substrate as reference sample gives a coherence length,
which agreed with the value reported in literature [10]}.

Evaluation of X(a) was carried out with X(a) (2.8x10'14esu at
1907nm) of a fused silica determined by Meredith et al {10].
The obtained patterns were analyzed by the curve fitting method
calculated from the equation [11]}:
2 2
A
Ao

where Jw is the fundamental beam intensity, n, and ng, are

respectively refractive indices at fundamental and harmonic
frequency, and A is a factor arising from transmission and
Boundary conditions.

Ax(3)
No + Naa

J 230478
30 Cz

50 -0 -2 -0 ﬂL
INCIDENT ANGLE TOEG. INCIDENT ANGLE /DG,

Figure 3. THG Maker fringe patterns of fused silica substrate
(thickness 1mm)(left) and TBHo Pc (thickness 0.15 um) on fused
silica (right).

The corresponding values of X(a) for TBHch and TBVOPc are
3.0x10712 and 7.5x10'12(esu), respectively. x(3) values of the
doped films are proportional to concentration of the phthalo-
cyanine compounds in PMMA as shown in Figure 4.

The measured macroscopic x&gll(-Sw s w, w, w) of each
molecularly doped films is directly related to the microscopic
14 1jk1('3w iw, w, w) of the phthalocyanine molecules through

local field factors expressed in terms of the refractive in-
dices n and nj, -

Modes of propagating light waves in molecularly doped PMMA
thin film of TBVOPc were clearly observed by using prism-film
coupling method. This indicates that these molecularly doped
thin films are applicable for nonlinear optical waveguide de-
vices.
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Enhancement of third order nonlinearity

As reported previously, X(s) values of vacuum evaporated
thin films of VOPc and H,Pc are 1.85x107!10 and 6.0x107!2(esu),
respectively[4][5]. Difference in X(3) values of TBHyPc and
TBVOPc indicates that the metal-~to-ligand and ligand-to-metal
charge transfer states introduced by metal substitution con-
tributes to the enhancement of third order susceptibility, as
discussed by Snow et al {12]. X-ray analysis showed that thin
films of TBHy,Pc and TBVOPc on a silica substrate were amor-

phous. The stacking structure of VOPc is significantly impor-
tant to increase the third order nonlinearity in condensed
states. Introduction of peripheral tert-butyl groups seemed

to affect slightly the electronic properties of a chromophore,

and reduced about one order of magnitude of X(s) in VOPe. VOPc
possesses distinctly a crystalline form which differs from HyPe

[13]. According to Griffith et al [10]]14], the polymorphism
in vacuum~deposited thin films of VOPc is attribute to two
crystalline forms of (a) a cofacially stacked arrangement,
aligned linearly along the metal-oxo bond and (b) a slipped-
stack arrangement, staggered assembly on adjacent molecules in
the thin film. The latter unique stacking arrangement leads to
bathochromic shift in the visible Q band.

Although detailed investigations are necessary to clarify
the changes in packing structure, our preliminary experiments
show that these crystalline forms differ each other in the
electronic transition of Q@ band and X(3)(—3w; w, W, W)
values([15].
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ABSTRACT

Physical properties intrinsic to linear inorganic polymer systems can
be modified through replacement of chemical groups external to the chain
backbone. This substitution also perturbs chemical bonding along the chain
which can further influence polymer properties. Several phosphazene
polymers deposited as thin dielectric films exhibit extended ultraviolet
transmission. Second harmonic generation (SHG) has been observed in these
polymers as well as in cyciic polymer precursors. The relative magnitude
of SHG is found to correlate both with the nature of the substitutional
group and molecular conformation. Influence of these parameters on
substrate-film adhesion and measured optical properties is discussed in
terms of substitutional group electronegativity, and electronic charge
lTocalization in the polymer chain which is probed using molecuiar
spectroscopic techniques.

INTRODUCTION

Polyphosphazenes, having the general formula (NPX2)n where X can be an
organic or inorganic substitutional group on the phosphorus atom, belong to
a class of linear inorganic polymers which are being used in a variety of
technological applications ranging from low temperature elastomers to high
temperature thermoplastics. Extreme variations in polymer properties arise
from the influence of substituent electronegativity and steric interactions
on the chemical bonding within the linear chain. Optical response,
substrate adhesion, and stability, are three properties of importance to
dielectric film applications. Optimization of these parameters in such
materials can be achieved through appropriate derivatization of the
reactive polymer.

The nature of phosphorus-nitrogen chemical bonding in these systems
has been addressed previously and refined in recent work involving ab
initio electronic structure calculations of the phosphonitrilic trimer [1].
This work confirmed the "islands-of-delocalization" model which limits pi-
electron delocalization to a three-atom center (N-P-N) owing to the
symmetries of the contributing nitrogen 2p and phosphorus 3d atomic
orbitals. Electron density is displaced toward the electronegative
nitrogen atom centers and generates a partial ionic contribution to the in-
chain P-N bond. The magnitude of this effect is controlled by the electron
withdrawing power of substituent groups on the phosphorus atom and has been
verified in several recent spectroscopic investigations [2,3]. For
example, Raman measurements of (NPC12)3 subjected to high hydrostatic
pressures show marked intensity increases of the A] ring modes with respect
to the out of ring >PC12 symmetric stretching mode [2]. Results suggest
that the observed increase in ring polarizability arises from P-C1 bond
contraction which leads to increased electron density on the phosphorus
atom sites. Solvent hydrogen bonding influences the distribution of pi
electron density in the P-N backbone as demonstrated in work involving
Raman measurements of water additions to acetonitrile solutions of the
hexamethoxyphosphazene trimer {3]. In addition, a large cross-section for
the infrared active P-N stretching mode confirms the predicted polarity of
this bond. Variations in mode frequency and relative intensity with the

Mat. Res. Soc. Symp. Proc. Vol. 175. - 1990 Materials Research Society




electronegativity of substituent groups and molecular conformation attest
to the marked influence modifying chemical groups exert over localized P-N
interactions. Design of multifunctional phosphazene polymers is based upon
chemical control of these localized interactions.

The notion of partial ionic bonding in the phosphazene polymer chain
suggests an increased basicity of the nitrogen atom centers which can serve
as polymer attachment sites to hydroxylated surfaces via_a hydrogen bonding
mechanism. Such interactions have been identified from 31p NMR
measurements of alumina dispersions in solvents containing dissolved
phosphazenes [4], and are important when considering adhesion of polymer
films to oxide substrates.

The optical properties of selected phosphazene polymers and polymer
precursors are reported in this work. Solution deposition of high quality
optical films from homogeneous polymer solutions has been demonstrated
using spin casting or dip coating methods. Deposited films adhere strongly
to silica substrates and show extended transmission into the ultraviolet
region of the spectrum. The wavelength limit for uv transmission and
observed non-linear optical response are shown to be perturbed by the
nature of functional groups substituted on the phosphorus atom.

EXPERIMENTAL

Materials Synthesis

Cyclic dichlorophosphazene trimers or tetramers are convenient
starting materials for the preparation of high molecular weight polymers.
A thermally induced ring cleavage reaction initiates growth of the linear
polyphosphazene chain (104 repeat units/chain). Polybisdichloro-
phosphazene, -[NPC12]p, is readily soluble in nonpolar solvents
facilitating purification. The reactive P-Cl1 bond allows derivatization
through a nucleophilic substitution mechanism enabling the preparation of a
wide variety of polymers under relatively mild reaction conditions [5].
Derivatization of cyclic polymer precursors is accomplished using analogous
techniques and many examples have been reported [6]. Figure 1 summarizes
the preparative chemistry and identifies materials used in this
investigation. Successive recrystallization insured high purity of the
derivatized material which_was confirmed from High Performance Liquid
Chromatography (HPLC) and 31P NMR measurements.

¢
. Ps.. R
.l"‘/ %N. - f' " -R .
= - P=N
Clup_ éé'c' heat | I ﬂ_
c" N ',c| Cl n R n
PLANAR  PUCKERED LINEAR
TRIMER  TETRAMER POLYMERS
“RING ~ RING r J
R = -C1 -1 -C1 -NHCeHs -NCsH10
-NCS -NCS -N(CH3)2  -OCH2CF3

Fig. 1. Thermally-induced polymerization of cyclic phosphazenes
and selected derivatives,
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Films were deposited onto cleaned silica substrates using dip coating
or spin casting techniques. Substrate surfaces were cleaned and
hydroxyiated by treatment with NaOH/methanol followed by a hydrochloric
acid and deionized water rinse to remove residual sodium chloride. Polymer
solutions were filtered through 0.2 micrometer G:lman fluoropolymer
membranes prior to use. The chlorophosphazene polymer (CP), phenylamine-
substituted polymer (PAP), and piperidine-substituted polymer (PP) were
dissolved in non-polar solvents (toluene, chloroform, tetrahydrofuran); the
trifluoroethoxy polymer (TFEP) was soluble in acetone, and the
dimethylamine-substituted phosphazene (DMP) was soluble in
trifluoroethanol. Polymer solution concentrations averaged 0.3 N.

Standard dip coating or spin casting procedures generated films of
1 micrometer average thickness. While DMA is water soluble at low pH, the
other materials show no measurable solubility in or reactivity with water.

Characterization

All materials investigated were fully substituted high molecular
weight homopolymers or_trimeric (tetrameric) polymer precursors as
indicated by a single 31P line in the magnetic resonance spectrum. Most
polymers studied were stable to temperatures approaching 580 K. when heated
in air. A summary of the 31p chemical shift information from magnetic
resonance measurements of selected phosphazene polymers and small ring
analogues appears in Table I. The chemical shift is a qualitative
indication of the electron density at the phosphorus nucleus and it
indicates the relative ionicity of the P-N bond.

The existence of a polarized P-N bond in phosphazenes is confirmed by
the presence of a strong infrared feature in the 1150-1350 cm-1 region that
is very weak in the Raman spectrum. This frequency is dependent on the
electron withdrawing tendency of substitutional groups on phosphorus as
well as molecular conformation (trimer, tetramer, oligomer, palymer). High
frequencies tend to correlate with increasing jonicity in the P-N bond. A
ligand ranking based on IR frequencies is in agreement with that shown in
Table 1 which was generated from 31P NMR chemical shift information.

Transmission spectra of cast polymer films were recorded over the
wavelength region from 190 to 900 nm. Analysis of measured spectra using
the method described by Manifacier, et. al. [7] allowed determination of
film thickness and the complex refractive index. With the exception of the
chloropolymer which degraded after several weeks in air, transmission
spectra of polymer films were invariant with time suggesting their
stabili%y]under ambient conditions and absence of trapped carrier solvent
in the film.

The observation of green emission during 1064 nm pulsed irradiation of
polymer films prompted preliminary measurements of non-linear effects in
these materials. Cyclic phosphazene trimers, tetramers, and several
polymers were mechanically powdered (<5 micrometer particle size),
compressed to 2.0 cm diameter pellets (2 mm thick) under an applied
pressure of 0.1 GPa, and evaluated for their ability to generate second
harmonic radiation (SHG). The powder technigue originally developed by
Kurtz and Perry was used [8]. This method has been successfully applied to
measurements of the non-linear optical response of organic based polymer
materials [9]. A 0.25 m focal length monochromator and diode array
detector replaced the photomultiplier and optical filters used in the
original experiment.
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OPTICAL PROPERTIES OF PHOSPHAZENE POLYMERS

Fringe patterns observed in transmission spectra of two polymer films
shown in Fig 2. attest to the uniformity of film thickness over the 1 cmd
measurement area. Four polymer films, CP, MAP, PP, and TFEP exhibit
relatively high transmittance at wavelengths as short as 250 nm; PAP begins
to absorb strongly at 300 nm due to the presence of the conjugated pheny]
groups in the polymer. The linear index of refraction varies between 1.5
and 1.7 at 500 nm; extinction coefficients average about 5E-4 at 500 nm for
most materials. Waveguiding has recently been demonstrated in this
laboratory for 425 nm thick PAP films deposited on silica substrates into
which shallow surface gratings (.400 micrometer line spacing) have been
etched.
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Fig 2. Transmission spectra of trifluoroethoxypolyphosphazene
and phenylaminepolyphosphazene films on silica substrates.

SECOND HARMONIC GENERATION IN PHOSPHAZENES

Several phosphazene polymers and polymer precursors have been observed
to emit green light when irradiated with 1064 nm pulsed radiation at 30 Hz
from a Nd:YAG laser. Measurements on the isothiocyanate trimer (R=-NCS)
are summarized in Fig. 3a and 3b. Emission measured at 532 nm and the
observed quadratic power dependence confirm the non-linear optical response
(SHG) of this material. Fig. 3c qualitatively ranks the efficiency of SHG
for several selected materials. Continuing measurements on derivatized
phosphazenes suggest that the magnitude of the SHG effect is controlled by
substituent electronegativity and molecular conformation.
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%30 540
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Fig 3. Second Harmonic Generation in phosphazenes. (a) SHG emission
from the isothiocyanate trimer. (b) Dependence of SHG intensity on
the square of incident pulse energy. (c) Relative SHG efficiency.
DISCUSSION

Quantum chemical calculations suggest that variations in P-N bond
polarity in phosphazenes result from the nature of the substituent group on
the phosphorus atom. Restriction of pi-electron conjugation to three-atom
centers is dictated by the symmetry of the atomic orbitals. Therefore, the
polarizability of localized -R2P=N- moieties is also perturbed by
substituent electronegativity. The model accounts for the observed
extension of optical transmission to shorter wavelengths [1]. Here, the
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Towest energy allowed electronic transition is between pi-bonding and pi-
antibonding states and occurs deep in the ultraviolet owing to the
restricted pi-conjugation. Electronic transitions primarily centered on
substituent groups will shift the uv edge toward longer wavelengths as
observed in PAP.

Substituent electronegativity and molecular geometry are also observed
to influence the non-linear optical properties of phosphazenes. Both
parameters perturb the electron density at the phosphorus nucleus as seen
from 31Pp NMR chemical shifts reported in Table I. The relative efficiency
of second harmonic generation shown in Fig. 3¢ mimics the 31P chemical
shift ordering and suggests that such measurements might be appropriate for
evaluating new materials with respect to non-linear optical response. On
the basis of this argument, alkyl and thiol derivatives appear to be
candidate materials for enhanced SHG and are the focus of ongoing work.

The basicity of nitrogen atom centers promotes hydrogen bond formation
between phosphazene molecules and hydroxyl groups which exist at oxide
surfaces. This bonding mechanism is responsible for film adhesion to glass
surfaces and suggests that phosphazene polymers might be candidate
adhesives for joining optical components.

Multifunctional behavior in phosphazene materials (adhesion, thermo-
plasticity, optical response) arises from the unique chemistry of the P-N
bond. Optimization of a particular property can be achieved through
controlled perturbation of localized pi electron density induced by
modifying chemical groups bonded to the phosphorus atom. The bond polarity
arguments presented here stress the importance of localized interactions
and their influence on physical properties of phosphazenes. Design of
polymer systems with mixed functional groups appears to be a feasible route
for incorporating multifunctionality in this material.
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ABSTRACT

New approaches to both second-order and third-order nonlinear optical materials are
presented. A series of organometallic and organic salts, in which the cation has been designed to
have a large molecular hyperpolarizability, has been prepared and the SHG efficiencies were
measured. Partially substituted derivatives of polyacetylene are synthesized via the ring-opening
metathesis polymerization (ROMP) of cyclooctatetraene (COT) and its derivatives. Certain poiy-
COT derivatives afford soluble, highly conjugated polyacetylenes. These materials exhibit large
third-order cptical nonlinearities and low scattering losses.

INTRODUCTION

The desire to utilize the nonlinear optical properties of materials in applications such as
telecommunications, optical data storage and optical information processing has created a need for
new materials with very large nonlinear susceptibilities.[2-4] In the first section of the paper it will
be shown that effective polar alignments of ionic, organometallic and organic chromophores.
leading to efficient second harmonic generation (SHG) can be found by varying the counterion. In
the second section, application of ring opening metathesis polymerization (ROMP) to the synthesis
of new substituted polyacetylene derivatives with large third-order nonlinear optical properties and
excellent linear optical properties will be demonstrated.

ORGANOMETALLIC AND ORGANIC SALTS WITH SECOND-ORDER OPTICAL
NONLINEARITIES

It is well established that n donor-acceptor compounds can exhibit large
hyperpolarizabilities.[5] The nonlinear chromophore must reside in a noncentrosymmetric
environment if the hyperpolanzabllny (P) is to lead to an observable bulk effect (r'2). Roughly
75% of all known, non-chiral, organic molecules crystallize in centrosymmetric space groups
leading to materials with vanishing x(2).[6] Several strategies have been employed to overcome
this major obstacle.[7-12] Meredith demonstrated that (CH3)2NCgH4-CH=CH-
CsH4N(CH3)*CH3S04" has an SHG efficiency roughly 220 times that of urea [13] which until
recently was the largest powder SHG efficiency reported. He suggested that Coulombic
interactions in salts could override dipolar interactions which provide a strong driving force for
centrosymmetric crystallization in neutral dipolar compounds.[13] We have recently extended this
approach and demonstrated that a variety of 4-N-methylstilbazolium salts (Fig. 1) give large
powder SHG efficiencies when combined with a suitable counterion (Table I). [14]

= 1% PIPERIDINE [
g CHy=N
CHy o CH, * )L " 3
x_\\/:/>_ TR y  CH;OH60° C.4h < N\ 7 \ R
X = CF3503 and CH3CgH4SO3: synthesized directly.

X= Cl: metathesized CF3503 salts with N(n- C4Hg)4 Cl in acetone.
X =BF4: metathesized Cl salts with Na BF4 in water.

Figure 1. Synthesis of salts of the form R-CH=CH-CsH4sNCH3*X".

Mat. Res. Soc. Symp. Proc. Vol 175, < 1990 Materials Research Society




102

The yellow compound CH30CgH4-CH=CH-CsH4N(CH3)*Cl--4H20 was found toexhibit
an efficiency roughly 270 times that of the urea reference standard. (CH3);NCgHys-CH=CH-
CH=CH-CsH4N(CH3)*CF3S03- gave an efficiency 500 times the urea standard and
(CH3)2NCgH4-CH=CH-CsH4N(CH3)*CH3CgH4S03" gave a signal 1000 times the urea
standard. The data suggest that these ionic chromophores exhibit a higher tendency to crvstallize
noncentrosymmetrically than do dipolar covalent compounds. The efficacy of the approach is
underscored by the observation that more than half of the compounds gave SHG efficiencies
greater than urea. Also, of the nine chromophores discussed here, seven could be isolated with a
counterion which gave rise to an SHG efficiency greater than 35 times that of urea. Here we
present results from our attempt to extend this methodology to organometallic salts and to 2-N-
methyl stilbazolium salts. )

Table 1. Powder SHG efficiencies for salts of the form R-CH=CH-CsH4sNCH3*X". The left
value is for 1064 nm input and the right value is for 1907 nm input (Urea = 1).

R X = CF3803 BF, CH3CgHsSO3  Cl[15]
4-CH30CgH4- 54/50 0/0 100/ 120 270/ 60
4-CH30CgH4-CH=CH- 0/0 22/1.0 50/28 43/48
4-CH3SCeHa- 0/0 0/0 1/- 0/0
2,4-(CH30),CgH3- 67/40 29/55 0.08/0 07/04
Ci6Ho- (1-pyrenyl) 1.1/0.8 -/- 14/37 -/-
4-(CH,CH,CH,CH,N)CgHs- 0.06/0.5 0.05/5.2 0.03/0.2 0/1.1
4-BrCgHs- 0/0 0.02/0 50/1.7 100/22
4-(CH3)2NCgHy- 0/0 -/75[13] 15/ 1000 0/0
4-(CH3)7NCgHy-CH=CH- 5/500 4.2/350 5/115 0/0

The observation that the ferrocene complex (Z)-{1-ferrocenyl-2-(4-nitrophenyl) ethylene}.
has an SHG efficiency 62 times urea demonstrates that organometallic compounds could exhibit
large %(2).[16] Given this observation, we synthesized the compound (CsHs)Fe(Csk. :)-CH=CH-
(4)-CsH4N(CH3)*I- and measured its SHG powder efficiency by a modification oi the Kurtz
powder technique.{17] Powder SHG efficiencies were determined using 1907 nm fidamental
radiation (SH at 953.5 nm) to avoid absorption of the SH by the dark colored salts. This new
organometallic salt has an SHG efficiency roughly 220 times that of urea, the largest tficiency
known for an organometallic compound.[18] Furthermore, the magnitude of the pow 'ar SHG
signal is sensitive to the nature of the counterion as shown in Table IL

Table II. Powder SHG efficiencies of (E)-(C5Hs)Fe(CsHy)-CH=CH-(4)-CsH4N(CH3)*X" salts
with 1907 nm input (Urea = 1),
X = B(CgHs)s I Br Cl CF3SO3 BFs PFg NO3 CH3iCegHaSO3
SHG eff. 13 220 170 O 0 50 005 120 13

In an auempt to further explore the scope and limitation of the organic salt methodology, we
have examined eleven 2-N-methyl stilbazolium compounds. The 2-N-methyl stilbazolium
compounds of the form R-CH=CH-(2)-CsH4N(CH3)*X", (where R=4-CH30CgH4, X=CF3S03;
R=4-CgH4NCH,CH,CH;CH,, X=CF3503; R=4-CgH4N(CH3)3, X= CF3S03, BFy; R=24-
CeH3(OCH3);z, X=CF3803; R=2-C¢H4OCH3, X=CF3503: R=(CsHs)Fe(CsHy), X=CF150as.
CH3CgH4S03, I, Br) all gave negligible SHG efficiencies. The exception was (3)-CH30CgHu-
CH=CH-(2)-CsH4N(CH3)*CF3503", which has an efficiency of 25 times urea. Contrary to
conventional wisdom for the design of nonlinear optical chromophores, the donor. the methoxy
group, and the acceptor, the cationic alkylated nitrogen atom, are cross conjugated. The cross
conjugation, leads to improved transparency (Amax at 344 nm in methanol, Acyeotr at 425 nm for
~100 pm crystal) while maintaining a reasonable bulk optical nonlinearity. [19]
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Crystal structures of several salts were determined in order to better understand how the
chromophores align in the crystal lattice. In the eight crystal structures we have determined, a
recurring structural motif of alternating parallel rows of cations and rows of anions is observed.
The compounds shown in figure 2 follow this motif. It is reasonable to suggest that the ions will
more likely form linear rows if the chromophore itself is linear; this may explain some of the
differences between the 4-stilbazolium series and the 2-stilbazolium series. Whereas molecular
asymmetry may tend to favor crystallographic noncentrosymmetry in neutral molecules, it appears
from our limited sampling that the Spposite is the case for ionic chromophores.

Figure 2. Packing diagrams for a (4)-(CH3)2NCgH4-CH=CH-(4)-CsH4N(CH3)*
p-CH3CsH4S03-, b (4)-CH30CsH4-CH=CH-(4)-CsH4N(CH3)*Cl--4H50 and ¢ (3)-
CH30CgH4-CH=CH-(2)-CsH4N(CH3)*CF3S03~.

NEW POLYMERIC MATERIALS WITH CUBIC OPTICAL NONLINEARITIES
DERIVED FROM RING-OPENING METATHESIS POLYMERIZATION.

Ring-opening metathesis polymerization (ROMP) of cyclooctatetraene (COT) produces poly-
cyclooctatetraene, a new form of polyacetylene. By extending this method to the ROMP of
substituted COTs, we have developed a route into partially substituted polyacetylenes that are
soluble in several cases (Fig. 3).[20-21] Polymerization is readily accomplished on gram scales in
a nitrogen filled drybox. The nascent polymer formed by ROMP has three of the four double
bonds from the monomer in a cis configuration. Depending upon the polymer these were
converted to the all rans form either thermally or photochemically. The trans poly-RCOT films
can be iodine doped to a conductive state.

R’ = (CF3)2(CH3)CO: R = (See Text)
Figure 3. Polymerization of substituted cylooctatetraenes and isomerization of resulting polymer.

Polymerization of substituted COT derivatives results in partially substituted polymers which
are highly conjugated. In contrast, polymerization of substituted acetylenes results in substituted
polyacetylenes with low effective conjugation lengths as evidenced by their high-energy visible
absorption spectra and comparatively low iodine-doped conductivities.{22] This low conjugation
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length is presumably due tc twisting around the single bonds in the backbone resulting from steric
repulsions of the side groups.[23]

Figure 4. Chain Twisting in Substituted Polyacetylene.

Films of poly-RCOT with straight-chain alkyl substituents of at least four carbons are flexible
and somewhat soluble in solvents such as tetrahydrofuran (THF) and methylene chloride.
Complete solubility is afforded by placing tertiary substituents off of the polyacetylene backbone.
Poly-#-butylCOT is a freely soluble polymer but is yellow-orange in color indicating a low effective
conjugation length. However, poly-trimethylsilylCOT (poly-TMSCOT) is freely soluble and
highly conjugated. This polymer is red when formed. However, after photochemical
isomerization to the trans form, the polymer is purple, indicative of the increased conjugation
length.

Several attempts have been made to correlate the effective conjugation length of a polyene
with its absorbance maximum. Based on the extrapolation of polyene absorption data obtained
from a variety of workers[24] to the band gap of polyacetylene,[25] an absorption maximum of
630 nm, as seen for poly-n-octylCOT, implies an effective conjugation length of at least 25 double
bonds.[26] Lower energy absorption maxima are seen in the solid state. A thin film of poly-n-
octylCOT has a broad absorption centered around 650 nm which is comparable to that observed for
a thin film of polyacetylene.[27] Although poly-TMSCOT has a higher energy absorption
maximum than poly-n-octylCOT, it is still highly conjugated (greater than 15 double bonds).
Highly reflective, soluble polymer films can be cast from a photolyzed purple solution and can be
iodine doped to conductivities of 0.2 Q-lcm-1.

Recent experimental[27-28] and theoretical[29] studies indicate that extended conjugation
leads to large cubic susceptibilities. We have investigated the nonlinear optical properties of a
series of random COT-cyclooctadiene copolymers containing 8-32 mole% COT.[30] The x3)
values of the copolymers increase substantially with increasing fraction of COT, reflecting both the
increased concentration of conjugated units and the increased conjugation length in the copolymer.
The estimated % of a copolymer film with 32% COT is ~2 x 1012 esu.[30] By comparison, a
solution measurement of B- carotene (11 conjugated double bonds) gave a value of 3 =9 x 10-
11 esu. Measurements on neat polyacetylene give a value of 1.3 x 10-% esu (enhanced by three-
photon resonance) at 1907 nm.[25] Transparent uniform films of the soluble copolymers with low
scattering losses can be prepared by spin coating. Thus while the %) of the 32% COT copolymer
is modest, this work suggested to us that the ROMP synthetic methodology can be used to produce
materials with substantial nonlinearities and is flexible enough to allow tailoring of materials
properties.

Accordingly, we studied the nonlinear optical properties of some partially substituted
polyacetylenes prepared by ROMP. These films were typically prepared by polymerizing the neat
monomer and casting the polymerizing mixture either between glass slides, resulting in films of
about 20 um thickness, or between the fused silica windows of a 100 um path length demountable
optical cuvette. Films cast between substrates were easily handled in air and were stable for long
periods of time (months). In addition, such assemblies were convenient for examination of the
optical properties. THG measurements on poly-n-butylCOT films, referenced to a bare fused silica
plate, were made using 1064 nm pulses. These measurements showed that the Ix(3) of films of
poly-n-butylCOT, ~1x10-10 esu, was comparable to that of unoriented polyacetylene at the same
wavelength.[27] However, comparison of the linear transmission spectra of these materials in the
near infra-red shows that the partially substituted polyacetylene has greatly improved optical
quality.

Absorption spectra of polyCOT films show high optical density (1-3 for 20 pm thick films)
even below the true absorption edge{31] in the near IR. The apparent absorption, which decreases




105

with increasing wavelength but extends out beyond 2000 nm, is actually due to scattering as
shown by laser light scattering observations. As an example, we estimate the loss coefficient of
such films to be > 500 cm-! at 1500 nm. The origin of this scattering is certainly due to internal
optical inhomogeneities in the polymer associated with the semi-crystalline, fibrillar morphology.
In conirast, films of poly-n-butylCOT show very clean transmission in the near IR. Films 100 um
thick show a sharp absorption edge at ~900 nm and very little absorption beyond 1000 nm. For
poly-n-butylCOT films, we estimate the loss coefficient to be < 0.2 cm! at 1500 nm. The greatly
reduced scattering loss indicates that partial substitution of polyacetylene with n-butyl groups has
resulted in a more homogeneous morphology, approaching that of an amorphous polymer.

We have also examined films of trans poly-TMSCOT produced from solution by casting or
spin-coating. THG measurements at 1064 nm on films of poly-TMSCOT give Iy =2+1x
10-11 esu. This value is somewhat lower than that of poly-n-butylCOT or polyacetylene,
consistent with the reduced effective conjugation length inferred from the energy of the absorption
maximum, as discussed earlier. The films of poly-TMSCOT prepared from solution are of good
optical quality and show scattering losses at least as low as the poly-n-butylCOT films.

CONCLUSIONS

The results presented here clearly demonstrate that organometallic compounds can give rise to
efficient second harmonic generation. The role of organometallic compounds as nonlinear optical
materials is only beginning to be realized and further synthetic studies are needed if we are to fully
exploit the potential of this class of materials. In addition, we have shown that in many cases the
“salt methodology” can be used effectively to find noncentrosymmetric crystalline alignments of
highly nonlinear ionic chromophores and thereby achieve large values of ¥(2). Further, it has been
shown that nonconventional donors such Br- and the pyrenyl moiety can be incorporated into
molecules which, in the correct crystallographic environment, exhibit substantial bulk
susceptibilities. We believe that this study represents an important step in decouplmg the design of
desirable molecular properties from the orientational requirements of %(2) materials, although
further studies are needed to more clearly define the scope of this approach.

Ring-opening metathesis polymerization of substituted cyclooctatetraene derivatives yields
partially substituted polyacetylenes, many of which are soluble and still highly conjugated. Highly
conjugated polymers obtained exhibit high optical nonlinearities and low scattering losses. Given
the ability to fabricate uniform high, quality films with optical nonlinearities comparable to that of
polyacetylene, these polymers may be of interest for nonlinear waveguiding experiments.
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ABSTRACT

Third-order optical nonlinearity in organic materials has generally been
sought from molecules and polymers having extended n-electron delocalization
in conjugated bonding schemes. In an alternative approach, we have
investigated the third-order optical response of a polymeric composite containing
charge transfer complexes in which the nonlinearity originates from inter-
molecular electron delocalization between n-electron clouds in charge transfer
stacks. The material, which is composed of a polymer having electron-
donating pendant side groups that complex with dopant electron-acceptor
molecules, has been processed into an optically clear thin film. Nonlinear
characterization of the film by means of third-harmonic generation suggests
enhancement of the third-order response arising from charge transfer

oo 1aoeE
AR

In the development of materials for use in third-order nonlinear optical
devices, organic polymers have received significant attention. The versatility
that exists for engineering the optical and film forming properties of polymers
has made them attractive candidates for integrated optics structures.'
Incorporation of conjugated n-bonds in polymer backbones, thus facilitating
extended electron delocalization which is fundamental to the third-order optical
nonlinearity, has produced the largest x® values known in organic materials.?*

INTRODUCTION

An alternative means of producing electron delocalization in polymer
systems is obtained through intermolecular interactions. Recently, the origin
of charge delocalization between molecules in the TTF-TCNQ charge transfer
crystal was examined using ab initio quantum mechanical calculations.! The
resuits showed that an extended, delocalized intermolecular orbital exists
between the stacked molecules, suggesting that spatially delocalized inter-
molecular group orbitals may exist in materials in which face-to-face molecular
stacking at short intermolecular distances occurs. Thus, large third-order
nonlinearities are also likely to be observed in molecular stacks such as organic
charge transfer complexes.
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The potential application of several organic charge transfer complexes and
complex salts as nonlinear optical materials has been investigated. Large x“
values have been reported for charge transfer crystals, including the organic
conductor (BEDT-TTF),I, ° and a number of neutral charge transfer complexes,®
some of which show %™ values larger than that of the polydiacetylene PTS.
Thin films of poly(vinylcarbazole) (PVK) complexed with 2,4,7-trinitrofluoren-
9-one (TNF) have also been studied using resonant degenerate four wave
mixing to examine the effect that photoinduced electron-hole pairs have on
the third-order nonlinear optical response.’

Because of the processing advantages of polymers over crystalline
materials, incorporation of neutral charge transfer complexes into a polymer
film for use as a third-order nonlinear optical material is investigated and
reported here. Polymers of 1-vinylpyrene (PVPy), which provide pyrene as the
donor entity in the charge transfer complexes, and tetracyanoethylene (TCNE),
the electron acceptor, comprised the charge transfer film studied. Third-
harmonic generation (THG) was employed te determine the electronic ¥
response of the film without a direct excitation of charge transfer bands. THG
of a PVPy film was also measured and the resulting x® compared to that of
PVPy-TCNE to determine enhancement of third-order nonlinear optical
properties displayed by polymeric charge transfer complexes.

EXPERIMENTAL

Sample Preparation

Poly(1-vinylpyrene) was synthesized according to published methods,®
producing a polymer with a weight average molecular weight of 14,500. PVPy-
TCNE charge transfer polymer was prepared by mixing equimolar portions of
PVPy and TCNE in a suitable solvent and precipitating from a non-solvent.®
Characterization of PVPy-TCNE by means of EPR, x-ray powder diffraction,
visible and near infrared spectroscopy, and elemental analysis indicated that
the material was amorphous and contained neutral charge transfer complexes
of pyrene and TCNE in a 6:1 molar ratio (pyrene:TCNE).

Spin-coating was found to be the method of choice for processing PVPy
and PVPy-TCNE charge transfer complex into films which were uniform and
optically clear. Typically, films having thicknesses 0.7-1.0 ym were obtained
from 16% (w/w) chlorobenzene solutions that were spin-coated onto fused silica
substrates into which gratings (for waveguiding) had been etched.

Characterization

Waveguiding and transmission spectroscopy were employed to evaluate
linear optical properties of the thin films necessary for analysis of THG data.
The 633 nm output of a helium-neon laser was waveguided in the films and
subsequent analysis of the observed coupling angles yielded the refractive
indices and thicknesses of the films at essentially the third-harmonic
wavelength. Transmission spectra recorded from 400 to 2000 nm on a UV-
Vis-NIR spectrophotometer provided the absorbance of each film at the funda-
mental and third-harmonic wavelengths and located the charge transfer bands.
The spectral interference observed in the thin film spectra also allowed
evaluation of refractive indices of the filmis in the near infrared, given the
thicknesses. This method was also used, together with thickness measurements
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from a profilometer, to evaluate the refractive index at wavelengths where a
film may have been too absorbing to permit determination by a waveguiding
measurement.

Third-harmonic generation measurements of the thin fil n s2- .ples were
performed using 1907 nm for the fundamental wavelength ar.d 636 nm as the
corresponding third-harmonic wavelength. The fundamental was produced by
pumping a hydrogen gas cell (300 psig) with the focused, 1064 nm output of
a Nd*:YAG laser and isolating the Raman-shifted first Stokes line. The
fundamental was weakly focused onto the film sample held in a vacuum
chamber to exclude the effects of air on the THG signal. The light was
polarized parallel to the axis about which the sample was rotated during the
course of the experiment. The third harmonic was isolated using filters and
a double monochromator and detected by a photomultiplier tube using boxcar
averaging techniques. The third-harmonic intensity data were stored as a
function of the angle between the fundamental beam and the normal to the
sample surface. To provide reference measurements, THG was also recorded
from the fused silica substrates after in situ removal of the films.

RESULTS AND DISCUSSION

Absorption spectra of the purple PVPy-TCNE film displayed two weak
peaks at 500 and 800 nm which were assigned as charge transfer bands in the
polymer complex film. These wavelengths agree with the corresponding band
positions in spectra of pyrene-TCNE charge transfer crystals,’ indicating the
electronic structure in the polymer film is the same as in the crystalline state.
Both PVPy and PVPy-TCNE films had refractive indices of 1.75 = .005 and
1.72 = .01 at 636 and 1907 nm, respectively.

THG measurements of the thin films enabled determination of their
respective ¥ (-3w;w,w,0) values, using THG from the fused silica substrates for
reference (x®,= 2.8 x 10" esu'®). The data were fit using the measured linear
optical constants and by applying a least squares Simplex! algorithm to THG
formulas'? that are appropriate for the sample configuration used. The curve
fit of THG from the PVPy-TCNE film and its associated substrate are displayed
in Figure 1. Its resultant ¥ value is listed in Table I along with the value
determined for PVPy. A comparison of the x® magnitudes reveals that the
PVPy-TCNE charge transfer polymer film has a third-order susceptibility that
is nearly six times greater than that of the PVPy film itself.

Table 1. Third-order nonlinear optical susceptibilities (x™)° of PVPy homopolymer and
PVPy-TCNE charge transfer polymer films.

Film Re[y™] Im{x™] Piad
PVPy .28 .06 .28
PVPy-TCNE -14 -7 1.6

“in 10" esu
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Figure 1. Fit of THG for PVPy-TCNE. The data are from
a sample of PVPy-TCNE on fused silica (top) and fused
silica substrate alone (bottom).

A THG measurement of TCNE dissolved in poly(methyl methacrylate)
(PMMA) was made in order to consider the possibility that the increased x®
in PVPy-TCNE was due to the added TCNE, rather than the pyrene-TCNE
complexes. The PMMA film was prepared so that the TCNE concentration was
the same as that found for the PVPy-TCNE film. The TCNE-containing PMMA
film had a x® only slightly larger than that of PMMA alone, indicating the

large x® in PVPy-TCNE is due to the presence of charge transfer complexes.

Since the ratio of donor to acceptor molecules in PVPy-TCNE was 6:1, it
is expected that the x® value of the charge transfer polymer will increase
further as the ratio approaches 1:1. The reason for the larger x™ is two-fold:
(1) a higher number density of charge transfer complexes in the nonlinear
optical medium, each consisting of one pyrene and one TCNE molecule, and (2)
greater association along the polymer chain of these neighboring charge
transfer complexes into molecular stacks, enabling extended electron delocaliza-
tion.

The effect of extended charge transfer complexes on ¥ in PVPy-TCNE
was examined by means of a calculation of molecular hyperpolarizabilities, 7,
of pyrene and its charge transfer complexes with TCNE. The calculation
employed ab initio methods and applied finite-field approximations on STO-
3G basis sets using GAUSSIANS6.” The geometry of the pyrene-TCNE
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Table II. Comparison of relative experimental x™ values for polymer films and relative
calculated y values for molecules involving pyrene and its charge transfer
complex with TCNE.

L ____________________________________________________]

1™ (expt.) ¥ (cale.)
PVPy 1.0 Pyrene 1.0
PVPy-TCNE 5.7 Pyrene-TCNE
(6:1) (1:1 dimer) 10.2
(2:1 tnmer) 286

molecular complex in the crystalline state was assumed. The relative y values
calculated for pyrene and the pyrene-TCNE dimer are consistent with experi-
mental evidence of ¥® enhancement (Table II). The theoretical results imply
that mainly pyrene-TCNE dimers were present in the PVPy-TCNE film tested.
Furthermore, the pyrene-TCNE-pyrene model suggests that as the complexed
species associate into larger stacks, x'® will continue to increase. This increase
is not expected to surpass ¥ values observed for charge transfer crystals® in
which the charge transfer stacks are "infinite."

CONCLUSION

Third-order optical nonlinearity (x), as determined by third-harmonic
generation, is found to be greater in a charge transfer polymer film of PVPy-
TCNE than in the PVPy homopolymer itself. Experimental and theoretical
results suggest that further enhancement of the third-order response will be
achieved by adjusting the donor:acceptor ratio in the charge transfer film to be
close to 1:1.
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ABSTRACT

Recent work aimed at developing new polymers which exhibit useful
optical, electro-optical, and piezoelectric properties is presented. The
materials under study are polymers with methacrylate backbones and
oxynitrostilbene side chains. The synthesis is outlined, and pyro-electric,
electro-optic, and thermal property data are reported and discussed.

INTRODUCTION

In recent years, significant progress has been made in developing
polymers with polar side chains that have non-linear optical (NLO or x ‘')
properties [1,2). To obtain a non-zero x'°', it is necessary to pole these
materials, thus providing some degree of alignment of the polar side
groups. The simplest description of the poling process assumes the dipoles
can be treated as effectively non-interacting. However, to achieve a
significant amount of orientation and a reasonably high X' ‘', the molecules
studied have had very large dipole moments ([3]}. Also, the side chain
molecules chosen are fairly rigid and elongated. These properties would
lead one to expect large interactions between side chains.

Several other properties of rigid side chain polymers will also depend
on the interactions of the side chains. For example, since a large fraction
of the volume is typically occupied by the side chains, one might expect
that these interactions affect the mechanical properties and the glass
transition temperature.

In this work we are looking at the polar side chain polymers as
multifunctional materials - i.e. materials with not just electro-optic
properties but also piezoelectric, pyroelectric, mechanical, optical, and
dielectric properties. Our goal is to see if this entire range of
properties can be understood and ultimately controlled from a microscopic
point of view. By examining a single class of such materials, we hope to
begin to understand the relative importance of the molecular properties and
intermolecular interactions in determining the utility of these materials.

Concentrating on one polymer system composed of a methyl methacrylate
main chain and an oxynitrostilbene NLO segment connected by aliphatic
spacer groups containing 3 or 6 carbons, we have synthesized very pure,
high molecular weight homopolymers as well as copolymers covering the range
of compositions from 5% to 80% oxynitrostilbene. These materials are being
used not only in the ongoing work reported in this paper, but also in
related studies at Leed’s University, Cambridge University, and GEC-Marconi
Labs which are being reported in other papers at this meeting. They provide
us not only with a range of concentrations of polar side chains, but also

with varying degrees of attainable liquid crystalline order (4]. The
structure of oxynitrostilbene and its absorption spectrum is shown in
Figure 1.

Mat. Res. Soc. Symp. Proc. Vol. 175. < 1990 Materials Research Society
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FIGURE 1. ABSORPTION SPECTRUM AND STRUCTURE OF OXYNITRGSTILBENE-MMA
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FIGURE 2. OXYNITROSTILBENE MONOMER SYNTHESIS
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Our approach is to begin by comparing the pyroeclectric response to the
electro-optic response in these materials. The pyroelectric response comes
from the fact that poled polymec films have a net dipole moment. A
temperature change will cause the polarization density to change (from the
thermal expansion of the polymer K for example; and thus can generate a
current in an external circuit. This same dipolar orientation is
responsible for the non-linc ar optical ancd electro-optical response of the
film. Thus a comparison of these two phenomena should help check our
understanding of the microscopi. origin of both of these effects. In
addition to reporting the first such comparison, we have also determined
the thermal c«pans.on coefficient of our material in order to help
intecpret the pyroelectric data. Some preliminary piezoelectric data is
also discussed.

One of the key elements of this work is to study the eifect of
composition and spacer group on poling and the resulting physical
properties. In this paper we can only report some of the preliminary
results, since all the necessary characterizations have not yet been
completed. Thus, the detailed analysis of the role of composition will be
repc—ed at a later time.

OXYNITROSTILEENE MONOMER SYNTHESIS

The oxynitrostilbene monomers were synthesized by conventional methods
which have already been described by A. Buckley and R. DeMartino {5], and
are outlined in Figure 2. We took particular care to make very pure final
monomers, and it was found that careful purification of key intermediates
made the task of final purification of the monomers much simpler. To check
for purity we used HPLC, GC/MS, NMR, and DSC. One interesting example of
the importance of having pure intermediates was the hydroxyhexyl ether of
nitrostilbene. It was made 99.8% pure, and was found to melt to an
isotropic phase at 159°C, contrary to the report by Griffin et al (6] where
it was found to form a nematic phase at 137°C. We found that nematic phases
in this intermediate were typically due to bis-stilbene impurities.

OXYNITROSTILBENE POLYMER SYNTHESIS

Standard radical intitiated polymerizations using azo initiators were
done for all homopolymers and copolymers. All polymerization solutions were
precipitated in methanol using a high shear blender. The solid was then
extracted three times with boiling toluene and then partially dissolved in
dichloromethane and reprecipitated in methanol twice. Yields were typically
better than 80%.

The T 's of the various polymer compositions which have been made are
shown in %‘igure 3. MO6ONS copolymers with more than 50% MO60ONS have liquid
crystalline order above T [4]. All other materials are isotropic. We note
that the T for the MOGONS copolymers decreases with increasing MO6ONS
content, while the MO3ONS copolymers are relatively insensitive to
composition. This is expected since the MO3ONS homopolymer has a T  very
close to that of pure PMMA. ¢

The representative molecular weights determined by GPC are given in
Table I. We note that the number averaged deqgree of polymerization is
greater than 250 in all samples,and thus are clearly much larger than
needed to get molecular weight independent properties (such as T, )
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TABLE I

OXYNITROSTILBENE-MMA COPOLYMER MOLECULAR WEIGHTS

COMPOSITION M, M,
MO3ONS 335,000 126,000
386,000 196,000
660,000 210,000
(MO3ONS), , (MMA), 478,000 235,000
(MO3ONS), , (MMA), 1,300,000 405,000
(MO3ONS), , (MMA), | 1,200,000 234,000
(MO3ONS), , (MMA), 731,000 191,000
MOBONS 990, 000 240,000
(MOBONS), , (MMA), 720,000 120,000

FILM PREPARATION AND POLING

Spin Coating from Solution

The purified polymers are disscived in a suitable solvent, to form
viscous solutions, typically containing 13 to 20% polymer. A filtered
solution is then spin coated using a Solitec spin coater at speeds of 1000
to 2000 rpm onto a clean electroconductive (ITO coated) glass slide which
serves as one electrode. After removal of all solvent by heating above the
T of the polymer, a thin gold layer is vacuum evaporated on the film
sirface as the second electrode. Wire leads are then bonded to the
electrodes with a conductive silver-epoxy paste for subsequent poling and
characterization.

Poling of the Spin Coated Films

Poling is done in a d.c. field at a temperature near T so that dipoles
have enough mobility to realign with the field. The sample is then cooled
down with the field on, thus locking in the induced dipolar orientation.
This requires a film having both a high resistivity and high dielectric
breakdown strength, since fields of at least 30 V/um are required to orient
polymer dipoles effectively. At such high fields imperfections in the film
can cause a local breakdown which is likely to short circuit the film and
destroy the dipole orientation. We found that our properly prepared polymer
films could be poled to about 100 V/um near T, without breakdown.

MATERIALS CHARACTERIZATIONS

Pyroelectric Measurements

A diagram of the apparatus and the equations for obtaining the
pryoelectric coeficient ’'p’ are shown in Figure 4. The apparatus was
calibrated against some pyroelectric ccmposite and PVDF specimens measured
both here and at Leeds.
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Electro-optic Properties

Figure 5 shows a diagram of the optical configuration of the
experimental setup for measuring the electro-optic coefficient of poled
polymer films. The same samples prepared for pyroelectric measurements were
used here. A laser beam is incident on the back of the glass substrate at
an angle ¢. It propagates through the substrate, the ITO, the polymer
layer, and is then reflected back out into the air by the top gold
electrode. The polarization of the input beam is set at 45 degrees to the
plane of incidence so that the parallel (p-wave) and perpendicular (s-wave)
components of the optical field are equal in amplitude. The reflected beam
propagates through a Soleil-Babinet compensator, an analyzer and into a
detector. The modulation in the beam is measured using a lock-in amplifier.

When a modulating voltage is applied across the electrodes, a change in
the phase angle 8y in both the s and p waves is induced by the change in
refractive index &n due to the electro-optic effect, and also a change in
path length 81 due to the change in the refraction angle a. Hence

2n
Sy = ———— (1 &n + n 81) (1)
b

This change in phase angle is converted to intensity modulation of the
laser beam by the output analyzer, and the purpose of the Babinet-
compensator is to bias the output light intensity at the most linear
region, or at the half-intensity point I ., With the use of the
approximations n =n_ =n and r,,=3r,, where r is the electro-optic tensor and
3 and 1 represent directions perpendicular and parallel to the film,
respectively, the electro-optic coefficient can be obtained by the
following expression

31, (n’ - sin2w)’/? 1
Ty = 3 3 (2)
nv I n (n° - 2 sin2w) sin2w

where I is the amplitude of the modulation, and w and Vv, are the
modulation frequcny and voltage respectively.

Relationships Between the Pyro and Electro-optic Properties and the
Poling Conditions

Electroded MO3ONS homopolymer ( T, ~ 115°C ) films were prepared on TTO
glass as described above and poled at’100 v/um and 108°C. Two of these were
first characterized by measuring the ’p’ and 'r’ and then sent together
with two earlier films to I.M. Ward at Leeds University who measured the
hydrostatic piezoelectric charge coefficient "d ". Its average value is
given in Table 4. Two other MO3ONS films were poled at different fields
and temperatures - 20, 40, 60, 80, and 100 V/um, and 108 or 100°C,
respectively. After each poling the "p" and the "r" coefficients were
measured. Thereafter the film was depoled by heating and holding at 108C,
then poled again, and so on. The 'p’ and 'r’ values vs. the poling field at
two temperatures near the T are shown in Figures 6 and 7, respectively.
Both the ’p’ and 'r’ increas® fairly linearly with poling field, at least
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up to 100 V/um, and are only slightly affected by the temperature. The plot
of the ’p’ vs. the 'r’ coefficients given in Figure 8 also depicts the
range in the ’'r’ values resulting from three individual 'r’ measurements in
different locations of the film. It is seen that for reasons not yet
understood the scatter varies irregularly. In view of the observed
linearity o